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FATIGUE TESTS OF RIVETED JOINTS 
I. INTRODUCTION 


1. Object and Scope of Investigation —The object of the investi- 
gation was to determine the fatigue strength of riveted joints con- 
necting structural steel plates. All rivets were in double shear, and 
all had a nominal diameter of 1 in. Some specimens were designed 
for rivet failure, others for plate failure. The variables studied in- 
clude the grip of the rivets, the transverse distance between rivets, 
the relation between unit shear, unit bearing, and unit tension, combi- 
nations of carbon-steel and manganese-steel rivets with carbon-steel, 
silicon-steel, and nickel-steel plates, and the methods of making holes 
—punched full size, sub-punched and reamed, and drilled from the 
solid. For most tests the stress in the specimen during a stress cycle 
varied from zero to a maximum tension. There were a few tests, how- 
ever, in which the stress was either completely reversed, or varied 
from a maximum tension to a tension one-half as great. 

A large number of static tests were also made to supplement the 
fatigue tests. These include tests to determine the physical properties 
of driven rivets, the initial tension in rivets, and the shear-slip relation 
for joints having rivets of various grips. There were also static tests 
of control specimens to determine the physical properties of the rivet 
and plate materials. 


2. Acknowledgments.—The tests described in this bulletion are a 
part of the investigation resulting from a codperative agreement 
entered into by the Engineering Experiment Station of the University 
of Illinois, of which Dan M. L. Encer is the Director, and the De- 
partment of Public Works, State of California. Funds were supplied 
by the San Francisco-Oakland Bay Bridge of which Mr. C. H. Pur- 
CELL is the Chief Engineer and Mr. Cuas. E. Anprews, Bridge En- 
gineer. The tests were planned in consultation with Mr. Guenn B. 
Wooprurr, Engineer of Design. The authors desire to express their 
appreciation for many helpful suggestions from Mr. JoNATHAN JONES, 
Chief Engineer, Fabricated Steel Construction, Bethlehem Steel Com- 
pany, Mr. Cuaries F. Goopricu, Chief Engineer, American Bridge 
Company, and Mr. Leon S. Morsserrr, Consulting Engineer. 

The tests were made in the Arthur Newell Talbot Laboratory at 
the University of Illinois by Frank P. Tuomas and Joun V. Coomsr, 
Special Research Assistants in Civil Engineering, University of Illi- 
nois, working under the supervision of WILBUR M. WILson. 
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R/-Carkbon-Steel Rivets, R2-Mangarese -Stee/ Rivers 
Driven with Prheumatite Hand Rivetitg Harner 
R3- Carbori-Steel Rivets, R4-Manganese-Stee/ Rivers 
Driven with Hydraulic Riveting Machine 


Al/ Plates Carborn-Steel 


Fic. 1. Specimens Usep in Various Stupies or Rivets 


Il. Static Tests 


3. Initial Tension in Rivets—The initial tension in a number of 
rivets was determined by measuring the recoverance of the rivets that 
“ oecurs when the tension is relieved.* The original form of the mem- 
bers which contained the rivets to be tested is shown in Fig. 1. There 
were four of these members; R1 and R2 contained 1-in. rivets driven 4 
with a pneumatic hand riveting hammer, and R3 and R4 contained 
1-in. rivets driven with a hydraulic riveting machine. Members R1 


Hardened 
Stee/ Pir 


Loose Fit 
ir) Head 


No. 54 Drill Hole 
I? Pie? 


Fic. 2. River Prerarep For INITIAL-TENSION TEST 


*See Univ. of Ill. Eng. Exp. Sta. Bul. 210. 
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Fic. 3. InstRUMENT For Measurinc REcoveRANCE OF RIveTS 


and R3 contained carbon-steel rivets and members R2 and R4 con- 
tained manganese-steel rivets. Nine specimens, each containing a 
single rivet, were cut from the right-hand end of each member, as 
indicated by the broken lines of Fig. 1. The grip of the rivets was 3 in. 
for three of the specimens, and 5 in. for the other six. 

Figure 2 shows a specimen prepared for the test to determine the 
initial tension. A hardened steel pin extends through a hole in each 
head and fits in a hole in the end of the rivet shank in such a manner 
that the pin moves with the end of the shank. There is a small hole 
in the outer end of each pin to receive a conical point of the instru- 
ment, and the instrument is counterweighted so as to balance on the 
conical point in the upper pin, as shown in Fig. 3. The dial is gradu- 
ated to 0.0001 in., and the instrument is checked against a standard 
bar after each set of readings. The specimen, standard bar, and 
instrument are placed near each other in a constant-temperature room 
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Init1AL TENSION IN RIVETS 
Carbon-steel and manganese-steel rivets 


Specimen _ Kind of _ Method of 
No. 


Rivet Steel Driving 


Pneumatic 
hand 
riveting 
hammer 


R2-1 Manganese Pneumatic 3 19 300 
2 : scat hand 37 000 

3 riveting 14 800 
Average hammer 53 23 700 
H 36. 600 

at 32 880 
6 37 380 

iG 39 720 

8 39 000 

9 38 100 
Average 37 280 
R3-1 Carbon Hydraulic 3 32 400 
2 steel riveting 32 600 

3 machine 30 700 
Average 31 900 
R3-4 5 36 540 
5 36 960 

6 37 440 

if 34 980 

8 34 560 

9 : 35 400 
Average 35 980 
R4-1 Manganese Hydraulic 3 12 000 
2 steel riveting 24 700 

3 machine 23 400 
Average : 20 030 
R4-4 5 35 460 
5 40 920 

6 39 180 

tf 39 780 

8 40 200 

9 36 840 
Average 38 730 


several hours before readings are taken in order to eliminate errors 
due to temperature changes. 

The procedure in a test is as follows: The length, out-to-out of 
pins, is measured for all rivets of a group. The tension in a rivet is 
then relieved by putting the specimen into a lathe and machining 
away the material in one of the outer plates just under the head of 
the rivet,* as shown in Fig. 3. The specimens of a group are then 
stored in the constant-temperature room for several hours and then the 


_ "if the specimen used for determining the initial tension in a rivet is not also used to deter- 
mine the strength of the rivet in tension, the tension can be relieved by turning the head of the 
rivet to a diameter somewhat less than the diameter of the shank 
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length out-to-out of pins is again measured. The difference in length 
out-to-out of pins is the recoverance of the rivet in a length equal to 
the grip. This recoverance is converted into unit stress on the basis 
that E = 30 000 000 Ib. per sq. in. The results of the tests are given in 
Table 1. The variables include two kinds of rivet material, carbon and 
manganese steels; two methods of driving, pneumatic hand riveting 
hammer and hydraulic riveting machine; and two grips, 3- and 5-inch. 

These tests indicated that the initial tension was greater for rivets 
with a 5-in. than for those with a 3-in. grip, but the difference was 
much greater for the manganese-steel than for the carbon-steel rivets. 
The initial tension was slightly less for the rivets driven with a pneu- 
matic hand riveting hammer than it was for those driven with a 
hydraulic riveting machine, the difference, the average of 18 tests in 
each instance, being 3.2 per cent. All rivets of a group with a 5-in. 
grip were very consistent, the average initial tension being approxi- 
mately 35 000 Ib. per sq. in. for the carbon-steel and 38 000 lb. per 
sq. in. for the manganese-steel rivets. The average initial tension in 
the carbon-steel rivets was 13 per cent less for rivets with a 3-in. grip 
than for those with a 5-in. grip; for manganese-steel rivets the corres- 
ponding difference was 42 per cent. Moreover, the manganese-steel 
rivets with a 3-in. grip were very inconsistent, one rivet having an 
initial tension of only 12 000 lb. per sq. in. The lowest individual 
value for a 3-in. carbon-steel rivet was 23 300 lb. per sq. in. The 
lowest individual value for 5-in. rivets was 32 580 lb. per sq. in. for a 
carbon-steel rivet and 32 880 lb. per sq. in. for a manganese-steel rivet. 

Some explanation would apparently be in order as to why short 
rivets have a lower initial tension than long ones. The tension is 
attributed to the shrinkage that accompanies the cooling of the rivet. 
If the length of the rivet under the heads remained constant, the 
tension due to cooling a given amount would be independent of the 
length. But if the length of the shank decreases as the tension in- 
creases due to the closer compacting of the plates, to shear detrusion 
of the rivet heads, or to other causes, the tension in the rivet will be 
reduced; and, for a given total shortening of the shank, the unit short- 
ening will be greater for a short than for a long rivet. A difference 
between two steels in the stress-strain relation or in the thermal 
coefficient of expansion at temperatures below the temperature of the 
rivets at the end of driving, might account for the difference between 
the tension in carbon-steel and in manganese-steel rivets. 


4. Tensile Strength of Driven Rivets After the tests to determine 
the initial tension in the rivets, described in Section 3, had been com- 
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Fie. 4. Puttinc Cuamps ror Trestina Driven Rivets In TENSION 


pleted, the same specimens were used in tests to determine the tensile 
strength of driven rivets. One outside plate of each specimen was 
partially machined away, and the resulting specimen was gripped by 
the special pulling clamps shown in Fig. 4, above. The physical 
properties of the material in the driven rivets are given in Table 2. 
Two sets of values are reported for the tensile strength, one based on 
the nominal and the other on the actual diameter of the rivets. The 
elongation was measured on the pins provided for determining the 
initial tension, and is for a length equal to the grip of the rivet. The 
variables include two rivet materials, two methods of driving, and 
two grips of rivets, as indicated in the table. The driving tempera- 
tures are from the shop report. 

The tensile strength of the undriven-rivet material was determined 
from tests of control specimens of the dimensions shown in Fig. 5, cut 
from rivet rods chosen at random from the same batch from which the 
driven rivets were made, only one control specimen being cut from 
each rod. The results of the tests are given in Table 3. The chemical 
properties, given in Table 4, are from the heat analysis reported by 
the mill. 

The effect of the driving upon the strength and ductility of the 
rivet material is worthy of note. The diagrams of Fig. 5 indicate that 
the manganese steel in the rivet stock had a well defined yield point, 
but there was no drop of the beam in the tests of the manganese- 
steel driven rivets. There was a drop of the beam for the carbon-steel 
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TABLE 2 
PuysicaL Properties or MATERIAL IN Driven Rivets 
Ultimate Strength Yield Point 
= Bi , lb. per sq. in. lb. per sq. in. 
. rip iameter ji 
Speci- |“ ° Based on Based on Elongation | Reduction 
men 3 S of Area 
No. | Rivet| Rivet mer 
* 1 in, in cent* a 
- 3 cent 
Nominal Actual Nominal Actual 
Diameter | Diameter | Diameter | Diameter 
Carbon steel rivets driven with pneumatic hand riveting hammer 
Driving temperature 2030 deg. F. 
Ri-1 3 1.05 75 100 68 130 49 760 45 150 28.0 62.9 
R1-2 3 1.05 75 600 68 650 53 100 48 150 22.0 52.3 
Average| 3 1.05 75 350 68 390 51 430 46 650 25.0 57.6 
R1-7 5 1.03 69 100 Rs ON | eee pes el Ue tee aes 21.8 64.9 
R1-8 5 1.02 68 250 65 540 46 700 44 920 20.8 60.3 
R1-9 5 1.03 67 800 65 220 45 100 42 560 21.2 61.3 
Average| 5 1.03 68 380 65 340 45 900 43 740 21.3 62.2 
Average for undriven rivet? 57 B20) Wo wees 37 900 36.1 65.4 
Manganese steel rivets driven with pneumatic hand riveting hammer 
Driving temperature 1850 deg. F. 
R2-1 3 1.05 100 000 1 Oe Se ror ae ror eerie 23.3 56.7 
R2-3 3 1.05 110 300 ae ee ee ea 9.0 14.7 
Average| 3 1.05 105 150 NE-B6S Shier ihe 5 eks.ae 16.2 35.7 
R2-4 5 1.03 95 100 RN TUE gee ede GN Meigratn he 15.4 Oak 
R2-7 5 1.03 91 900 BS I Me ee ce. ess os 22.0 62.8 
R2-8 5 1.02 92 000 BS/A0O oF Mares. PAs ek 14.0 56.7 
Average| 5 1.03 93 000 RE RD (ee ae, OP ee » a | 59.1 
Average for undriven rivett TOTO all area ll cearelerat 31.3 69.4 
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Carbon steel rivets driven with hydraulic riveting machine 
riving temperature 1780 deg. F. 


R3-1 3 1.07 78 550 68 690 
R3-3 3 1.08 77 950 66 850 
Average| 3 1.075 78 250 67 770 
R3-4 5 1.05 72 800 66 050 
R3-7 5 1.05 73 700 66 860 
R3-9 5 1.05 73 200 66 370 
Average 5 1.05 73 230 66 430 
Average for undriven rivett 57 620 


3 ee ED 


Manganese steel rivets driven with hydraulic riveting machine 


Driving temperature 1740 deg. F. : 

a 
R4-1 3 1.08 110 400 CPUY EIU lt eacnieee lil ecrarrne 24.3 62.2 
R4-2 3 1.08 -109 600 OL OOOPo in isectte -|0 Lerten: 18.7 43.3 
Average| 3 1.08 110 000 C4 ST Ni Maomies:. N yystelanars 21.5 52.8 
R4-7 5 1.05 103 100° CELT) eRe Cor |) aodood 14.6 59.9 
R4-8 5 1.05 98 900 GOH el Ree rae Woe oven = 16.4 63.3 
R4-9 5 1.05 100 300 GODIN xe aie Ate ms 15.6 60.9 
Average 5 1.05 100 770 OT eG) HI Beacuchcaen ct Weal (eer none 15.5 61.4 
Average for undriven rivetf ZOPTOUM cc ae a Pees aes 31.3 69.4 


— nal 


*In length equal to grip of rivets. 
+From Table 3. Specimen 0.5 in. in diameter, 


turned from 1-in. rivet rod. See Fig. 5. 
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Fic. 5. Srress-Strain Diagrams For ContTrRou SPECIMENS, 
MANGANESE-STEEL River Stock 


rivets, but the yield-point strength was 22 per cent and the ultimate 
strength 15 per cent greater for the driven rivet than for the rivet rod, 
the unit values being based upon the actual diameter of the rivet in 
all instances. For the manganese steel, the ultimate strength was 19 
per cent greater for the driven rivets than for the rivet rod. These 
increases in strength were accompanied by a reduction in ductility ~ 
but, except for the manganese-steel rivet R2-3, all driven rivets had a 
fair ductility. Typical fractures of the driven rivets that failed in 
tension are shown in Figs. 6 and 7, Figs. 6a and 7a showing the rivets 
driven with a pneumatic hand riveting hammer and Figs. 6b and 7b 
those driven with a hydraulic riveting machine. Figure 6 shows the 
carbon-steel and Fig. 7 the manganese-steel rivets. The upper left- 
hand rivet of Fig. 7a is R2-3, for which the elongation and reduction 
of area were so small. 


5. Hardness of Driven Rivets—One difficulty that has been en- 
countered in the use of low-alloy steel rivets has been to develop an 
alloy, otherwise suitable, which would not become hardened during 
driving to an extent that would make the driving difficult. Tests were 
therefore made to determine the hardness of various parts of driven 
rivets to obtain the hardening effect upon carbon-steel and manganese- 
steel rivets of the plastic flow which occurs when the rivet is driven. 


Yield Point* 
Ib. per 
sq. in. 


Ultimate Strength 
Ib. per 
sq. in. 


Reduction 
of Area 
per cent 


, a ee 
Carbon steel rivets; heat No. 129947 
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Manganese steel rivets; heat No. 123885 


Unannealed specimens 


A 47 300 78 000 31.5 67.2 

B 48 500 81 500 31.0 (eis 
Average 47 900 79 750 31.3 69.4 

Annealed specimens 

Cc 42 200 76 300 32.0 66.2 

D 48 300 74 500 32.5 64.5 
Average 45 250 75 400 32.3 65. 
*From drop of beam, 

TABLE 4 
CHEMICAL CoMPOSITION OF PLATE AND RiveT MATERIAL 
pine 0 f a Carbon ieee? Silicon Nickel Copper hs ar Sulphur 


Se a aa a a 


Plate material 


SST [cr 


Rivet material 


0.283 


0.027 0,032 


ean J eee 


0.130 
0.220 


129 947 
123 885 


i@arbon....... 
Manganese... 


0.260 
0.300 


0.033 
0.021 


0.020 
0.026 
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Fic. 6. Carson-Stree, Rivets Arrer Tension FAILure 


(a) Rivets driven with a pneumatic hand riveting hammer 
(b) Rivets driven with a hydraulic riveting machine 
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(a) 


es 


(b) 


Fig. 7. MANGANESE-STEEL Rivets Arrer Tension FAILURE 


(a) Rivets driven with a pneumatic hand riveting hammer 
(b) Rivets driven with a hydraulic riveting machine 
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Fic. 8. Lonerruprnau Section or 1-1n. CarBson-STEEL Rivets Wir 5-1n. Grip 


(a) Rivets driven with a pneumatic hand riveting hammer 
(b) Rivets driven with a hydraulic riveting machine 
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(b) 


Fig. 9. LonarrupiNau SEcTION oF 1-IN. MANGANESE-STEEL Rivets Wir 5-1n. Grip 


(a) Rivets driven with a pneumatic hand riveting hammer 
(b) Rivets driven with a hydraulic riveting machine 
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Fic. 10. Points at Wuicn PHoTomMicroGRAPHS WERE TAKEN 


The left-hand portions of the members shown in Fig. 1 were used 
in the hardness tests. The material was planed away to the middle 
of the rivets, and Brinell readings were taken at various locations, as 
shown in Figs. 8 and 9. Figures 8a and 9a show the rivets driven with 
a pneumatic hand riveting hammer, and Figs. 8b and 9b those driven 
with a hydraulic riveting machine. Figure 8 shows the carbon-steel 
rivets and Fig. 9 the manganese-steel rivets. The Brinell numbers are 
given in the figures adjacent to the Brinell imprints from which they 
were determined. The Brinell numbers given in these figures indicate 
that the hardness of the carbon-steel rivets is uniform over the longi- 
tudinal section, and that the hardness was not affected by the method 
used in driving the rivets. But for the manganese-steel rivets driven 
with the hydraulic riveting machine the heads and the ends of the 
shanks are consistently harder than the middle of the shanks. For the 
manganese-steel rivets driven with a pneumatic hand riveting hammer 
there is no marked consistent difference between the hardness of the 
heads and the shanks although the average hardness is a little greater 
for the former than for the latter. 

Tests were also made to determine the hardness of the rivets in 
the specimens used to determine the shearing strength of driven rivets, 
described in Section 7. The rivets had a grip of 114 in. and were driven 
with a hydraulic riveting machine. Because of the short grip, the 
material in the shanks was upset more for these rivets than for those 
of Fig. 1. The average hardness for these rivets, given in Table 11, is 
about the same as for the rivets given in Figs. 8 and 9, but the shanks 
are somewhat harder than the heads, the reverse of the situation for 
the long rivets of Fig. 1. The hardness of the manganese rivets varies 
through a wide range, and some of the rivet shanks are extremely hard, 
one having a Brinell number of 283. 

The amount by which the rivets failed to fill the holes is also indi- 
cated in Figs. 8 and 9. The clearance between the side of the rivet and 
the edge of the plate was measured with a micrometer microscope, and 
the values in inches are shown in the figures. All rivets fill the holes 
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(a) (b) 


Fic. 11. PHoromicrocraPHs oF UNpRIVEN Rivers; (a) CarBon STEEL, 
(b) MANGANESE STEEL 
Magnification, 100 diameters. Etched with 2-per-cent Nital. 
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(c) 


(a) 


Fig. 14. PHoromicrograPHs or MANGANESE-STEEL River Driven WitH PNeumMatic HAND Rivetina HAMMER; (a) Driven Heap 


ADJACENT TO SHANK, (b) Minnie or SHANK, (c) MANuractureD Heap ApJACENT TO SHANK 


Etched with 2-per-cent Nital. 


Magnification, 100 diameters. 
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Fic. 16. PHoromrcrocraPH oF MANGANESE-StEEL River R2-3 
Wits Low Ductiutry 
Magnification, 100 diameters. Etched with 2-per-cent Nital, 


am, 
Pe 


oe =, 


ewe 


on eres 
i 


FATIGUE TESTS OF RIVETED JOINTS 27 


TABLE 5 
Data Pertaininc To Driven Rivets or Figure 1 


Ss oooeooeoeoooeeoooooaoqoeoa—_=<~S a 


Specimen Kind of Driving 
Nod Steel Temperature Method of Driving 
deg. F. 
154 cee Carbon 2030 ig i iveti 
ao ae neumatic hand riveting hammer 
ne SOR Seer OMe Manganese 1850 Pneumatic hand riveting hammer 
Bry mene “ance 2s Carbon 1780 Hydraulic riveting machine 
sis: Daatwts ot ere atta are Manganese 1740 Hydraulic riveting machine 


ee, eee 


for a short length adjacent to the heads but do not fill the holes over 
the middle portion of the shank. There is no consistent indication that 

either the method of driving or the kind of rivet material greatly 
affected the clearance around the rivets, although the carbon-steel 
rivets filled the holes a trifle better than the manganese-steel rivets, 
and rivets driven with the hydraulic riveting machine filled the holes 
slightly better than those driven with the pneumatic hand riveting 
machine. 

A study of the crystalline structure was made of one rivet with a 
3-in. grip from each of the members shown in Fig. 1. Three photo- 
micrographs were made of each rivet, one of each head at a point 
adjacent to the shank, and one near the center of the shank, as indi- 
cated in Fig. 10. Figure 11 shows photomicrographs of undriven 
rivets, one of carbon steel and the other of manganese steel. Figures 
12 to 15, inclusive, are from photomicrographs of carbon-steel and 
manganese-steel rivets, some driven with a pneumatic hand riveting 
hammer, and others with a hydraulic riveting machine, as indicated 
in the titles. All specimens were etched in a 2-per-cent Nital solution, 
the carbon steel remaining in the solution 10 seconds and the manga- 
nese steel 20 seconds. A magnification of 100 was used for all speci- 
mens. The chemical composition of the rivet steels is given in Table 
4, and the other conditions that might affect the micro-structure are 
given in Table 5. The high driving temperature of the R1 rivet is 
indicated by the large grain structure, particularly as shown in the 
photograph of Fig. 12a. 

Figure 16 shows the micro-structure of the manganese-steel rivet 
of Fig. 7a which was so low in ductility. There is nothing apparent in 
the grain structure that accounts for the lack of ductility in this rivet. 


6. Slip of Riveted Joints —Tests were made to determine the rela- 
tion between the shear on the rivets and the slip between plates for 
small riveted joints. The specimens used in the first series of tests are 


Specimen 11CCE Specimen HCMS 


7'"£" Carbor-Steel Plates 78" § Carkon-Steel Plates 
1" Carkol-Steel Rivers 1’? Manganese -Stee/ Rivets 


Speciner? HSVI6 
74£ Silicon-Stee! Plates 
1" Mangarese-Stee/ Rivers 


~ peciner HSCB 
74 Silicon-Steel Plates 
7”? Carbor-Stee/ Rivers 


Fig. 17. Rivetep Joints DesicNep To Fam sy PLate TENSION 


shown in Figs. 17 and 18. All joints were made with 1-in. rivets in 
single shear and the grip was small, being 1.25 in. for all specimens. 


All rivets were driven with a hydraulic riveting machine and the. 


plate surfaces in contact were unpainted. The plate-and-rivet ma- 
terial combinations included carbon-steel rivets and carbon-steel 
plates, carbon-steel rivets and _silicon-steel plates, manganese-steel” 
rivets and carbon-steel plates, manganese-steel rivets and silicon- 
steel plates, and manganese-steel rivets and nickel-steel plates. The 
number of rivets per specimen varied from 2 to 8. 

The slip between the plates was measured with a tapered pin.* 
A small hole, about 14 in. in diameter, was drilled in the joints at the 
points indicated in the figures. These holes were then reamed with a 
reamer having the same taper as the pin to be used until they were 
large enough so that the pin would extend through the joint and 
project about one inch beyond the plate. An Ames dial, specially 
mounted for the purpose, indicated the distance that the pin projected. 
The procedure for a test was as follows: The specimen was put into 
the testing machine, and enough load was applied to hold it in place. 
The pin was then inserted in the hole and its projection, as indicated 


*Univ. of Ill. Eng. Exp. Sta. Bul. 239, p. 10. 
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Specie? GCMZ 


Bue ” Carbor-Steel Plates 
1? Mangarese-Steel Fivers 


Speciiner7 GSCEO 


8°42" Silicor-Stee/! Plates 
1"? Carbon-Stee/l Rivets 


. Soecinern ACh12 
42482" Corbor-Steel Plates 
!"% Mangariese-Steel Rivers 
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5 Speciiner? GCCH 
842" Carbor-Stee! Plates 
1"? Carborn-Steel Rivers 
Speciiner? GSMA 
x2" Silicon-Steel Plates 
!”"¢ Manganese-Steel Rivers 


. Speciinern ACCZ 
33 X42" Carborn-Steel Plates 
/"$ Carbor-Stee/! Rivets 
“ Specie ASG 
SH ag Silicon- Steel Plates 
/"@ Carbon- Steel Rivers 
. Specie ASIVZ 
BENE Silicon- Steel Plates 
I"? Manganese-Stee/ Rivers 
¢ Sj PECTIC ANMW12 
BUS Wickel- Steel Flates 
/"? Mangarrese - Stee/ Rivers 


Fig. 18. Riverep Jornts DesicNep To Faiu py River SHEAR 
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by the Ames dial, was recorded. The pin was then removed and an 
increment of load was added. If any slip occurred, the distance the 
pin could be entered was reduced, and the amount by which the pro- 
jection of the pin was reduced was a measure of the slip between the 
plates. The pin had a taper of 1 to 50, so that one division of the dial 
represented a slip of 0.00002 in. Readings were taken in duplicate, and 
no difficulty was experienced in working to a tolerance of one division. 

The load-slip diagrams for the specimens shown in Figs. 17 and 18 
are given in Figs. 19 and 20. The diagrams of Fig. 19 are for carbon- 
steel rivets, and those of Fig. 20 are for manganese-steel rivets. The 
unit shear on the rivets that accompanied a slip of 0.001 in. is given 
in Table 6. The value of this shear, the average of all tests in each 
instance, is 18 350 Ib. per sq. in. for carbon-steel rivets and 13 730 
lb. per sq. in. for manganese-steel rivets, the latter value being only 
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TABLE 6 


Unit SHEear on Rivets CorrESPONDING TO A SLIP BETWEEN Puatss oF 0.001 In. ~ 
Nominal diameter of all rivets, 1 in.; grip of all rivets, 1.25 in. 


Specimen Number of Shear* 4 Specimen Number of Shear* — 
No. Rivets lb. per sq. in. No. Rivets Ib. per sq. in. 
Carbon-steel rivets and carbon-steel plates Manganese-steel rivets and carbon-steel plates 
ACC 2h etieavrt Y) 16 700 ACM2-107 seen 2 10 300° 
PACC2-2ee wwe c 16 900 ACM 2-2 05 ).5 tronic 13 000 
A COD Bi aisrvcaen os 18 000 ACMO=3 cir ue 16 900 
AVOTARC sie deel 17 200 AVETASE: sheen 13 400 
GCC4 1. |. acenes 4 20 600 GEMBrll xiverrercts 3 5 700 
(COO) Ree eee be Geol ee ihe eee GCM3-2. ..«.... 12 500 
GOCABiiianwnna ee 17 600 GEMS-3).5 Salter 10 800 
IAVETARO Loc cases 19 100 AV€TALC.. 0.6 505s 9 670 
HICCGAl. coraseicle sors 6 19 700 HCM ist ee nicr 5 16 000 
HC C622).% antares 19 800 HEM5-2.5 32.) 19 200 
MCC6-3\.. 05600024 18 200 HOM5-3. 2.2. .2. 15 800 
INVOL ARE cose pase 19 200 AVOPAZC Ls. 5 ten 17 000 
Average for all carbon-steel rivets Average for all manganese-steel 
and carbon-steel plates....... 18 500 rivets and carbon-steel plates 13 350 
Carbon-steel rivets and silicon-steel plates Manganese-steel rivets and silicon-steel plates 
ASC Qa1 ecess eee 2 16 300 ASM2-1......... 2 14 400 
ASC2=2. Rene. ce 19 800 ASM2-2. 0. ne cee 11 400 
INS OPE Geta bas bon 18 800 AS N28) tone serie 10 200 
IAVCLAGC.ccinsiide a 18 300 Avetagecn * + ocee 12 000 
OCC: peak ates, 6 16-300 || GSM4#-1......... 4 19 200 
GSCG22) noe ee 18 100 GSMa2 eee 15 800 
GSCG-d.e ae en 19 500 GSM4-3 cece coe 14 000 
AVCrage eet mded 17 970 AVeragek=ccia es 16 330 
FIS@SAD. tence: 8 17 800 HSM6-1 6 13 200 
ISOC S-2 increas 19 500 HSM6-2 13 400 
ISCO B8R8.. in cine ele ¢ 18 300 FESMG-350) octet 9 800 
VAVOTALOs sins, a ee eee 18 500 Averages. ven Men 12 100 
Average for all carbon-steel rivets Average for all manganese-steel 
and silicon-steel plates....... 18 260 rivets and silicon-steel plates 13 480 
a ee ee ee ee ES 
Manganese-steel rivets and nickel-steel plates 


WAN MIQa IS crete ciece 3 14 600 
ANIM 2-2 oo. ixocrate 12 500 
ANM2-300 je oee 19 600 
AVELrAZ se aiculee. 15 570 


Average for all manganese-steel - f 
Average for all carbon-steel rivets 18 350 TIVEUS, My. shee ecco ee 13 730 


————— eS ee ee eee eee 


*Average shear on all rivets in a joint at load that produced a slip between the plates of 0.001 in. 


75 per cent of the former. Not only is the average value much higher 
for carbon-steel than for manganese-steel rivets, but the values for 
the individual specimens are much more consistent. The lowest value 
from the seventeen tests of carbon-steel rivets is 16 300 Ib. per sq. in., 
89 per cent of the average; the lowest value from the twenty-one tests 
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of manganese-steel rivets is 5700 lb. per sq. in., 42 per cent of the 
average, and 35 per cent of the lowest value for carbon-steel rivets. 

The tests to determine the initial tension in the rivets, described in 
Section 3, show that reducing the grip of the rivets from 5 in. to 3 in. 
reduced the average initial tension in the rivets by only 13 per cent 
for the carbon-steel rivets, but by 42 per cent for the manganese-steel 
rivets. The specimens used in the tests to determine the relation 
between load and slip, which are described in the preceding paragraph, 
had a grip of only 1.25 in. Because reducing the grip from 5 in. to 3 in. 
caused a much greater reduction in the initial tension for manganese- 
steel rivets than for carbon-steel rivets, it seems probable that, for the 
specimens used in the slip tests, the initial tension was very much less 
for the manganese-steel rivets than for the carbon-steel rivets, whereas, 
for rivets of greater grip, the initial tension would probably be greater 
in the manganese-steel than in the carbon-steel rivets. For this reason, 
a second series of tests to determine the relation between the shear 
in the rivets and the slip between the plates was made for which the 
effect of varying the grip of the rivet was studied. 

The specimens used in the second series of tests are shown in 
Fig. 21. Each specimen had four 1-in. rivets in double shear. There 
were three groups of specimens, the difference between the corre- 
sponding specimens of the various groups being in the grip of the rivet. 
The rivets of the K group had a grip of 4°%4 in., those of the L group 
a grip of 314 in., and those of the M group a grip of 14% in. The varia- 
tion in the grip of the rivets was obtained by adding short %4-in. plates 
outside of the main plates that are connected, as shown in the figure. 

The results of the tests are given in Table 7, and the shear-slip 
diagrams for the specimens are given in Fig. 21, all specimens 
for each figure having the same grip. It is of interest to note 
that for all specimens having a grip of 314 in. or 4% in., the slip did 
not exceed 0.001 in. until the shear on the rivets exceeded 22 000 lb. 
per sq. in., and that the first slip was quite large, apparently large 
enough to cause the rivet to come into contact with the plate at the 
edge of the rivet hole. For all specimens having a grip of 174 in. the 
slip increased gradually, and the load corresponding to a slip of 
0.001 in. was very much less than the load corresponding to the initial 
slip for specimens with the larger grips. For one of the specimens 
with manganese-steel rivets a slip of 0.001 in. occurred at a load 
corresponding to a rivet shear of only 12 000 Ib. per sq. in. 
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Fig. 22. Apparatus ror Suuar Tests or Rivers 


The tests described in this section indicate that for 1-in. rivets 
having a grip of 3% in. or more, the load required to produce initial 
slip was as large for manganese-steel as for carbon-steel rivets; and 
the load required to produce slip was much greater for rivets having 
a grip of 344 in. or more than for rivets having a grip of 1% in. These 
tests also indicate that for the twelve specimens for which the grip . 
of the rivets was 314 in. or more, the load necessary to produce a slip ~ 
of 0.001 in. was very nearly the same for all specimens irrespective 
of the plate and rivet material; the lowest single value, 22 200 lb. per 
sq. in., and the highest single value, 29 400 lb. per sq. in., were for 
duplicate specimens with silicon-steel plates and carbon-steel rivets. 


7. Shearing Strength of Rivets—Tests were made to determine the 
shearing strength of the rivets of small riveted joints. Preliminary 
to this series, however, tests were also made to determine the shearing 
strength of undriven rivets from the same batch as the rivets used in 
the joints to be tested. 

The apparatus used in testing the undriven rivets is shown in Fig. 
22. Tests were made in both single and double shear, and two or 
more tests were made on a single rivet. The results of the individual 
tests are given in Table 8. The shearing strength of the carbon-steel 
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TABLE 8 
SHEARING STRENGTH oF UNDRIVEN RIVETS 
—— ee 
Carbon-Steel Rivets Manganese-Steel Rivets 


Ultimate Strength Ultimate Strength 
Ib. per sq. in. lb. per sq. ae 


Single 


Etats 53 350 
Average 44 250 41 000 Average 65 400 54 600 
2 44 600 42 500 2 65 400 56 850 
600 ne i 65 000 56 000 
See) RP ie Sis tt OR | Sal ley oh Oe Ie Ie em gees ae 53 100 
Average 45 600 42 350 Average 65 200 55 317 
3 46 500 42 950 3 66 500 55 500 
46 300 42 000 66 700 53 800 
ee 43 200 are 52 700 
Average 46 400 42 717 Average 66 600 54 000 
4 47 250 41 400 4 69 700 55 800 
46 850 42 200 68 600 54 000 
Me ee 8 42 750 eee: 54 500 
Average 47 050 42 117 Average 69 150 54 767 
5 48 200 42 500 5 66 100 ~ 55 600 
47 250 41 550 64 200 54 400 
eee 43 900 aes si eos 54 000 
Average 47 725 42 650 Average 65 150 54 633 
6 47 000 41 700 6 65 900 53 650 
Meese i i gretune ct 53 100 
Average 65 900 53 250 

Average of all Average of all 
specimens 46 280 42 140 specimens 66 260 54 520 


rivets, the average for all tests in each instance, was 46 280 lb. per 
sq. in. for single shear and 42 140 lb. per sq. in. for double shear; and 
for manganese-steel rivets the corresponding values were 66 260 lb. 
per sq. in. and 54 520 lb. per sq. in., respectively. 

The shearing strength of driven rivets was determined from tests 
of the small riveted joints shown in Fig. 18. The plates for all speci- 
mens were connected with 1-in. rivets driven with a hydraulic riveting 
machine and acting in single shear. The results of the tests are given 
in Table 9, and the strength of the driven rivets is compared with the 
strength of the undriven rivets in Table 10. The rivets were deformed 
during the test so that their actual size could not be determined, but 
two values of the unit strength are given, one based upon the nominal 
diameter of the rivet, and the other upon the diameter of the hole, it 
being assumed that the rivets filled the holes. The actual diameter 
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TABLE 9 
SHEARING STRENGTH or Driven Rivets From Tests or SMAuu Riverep Joints 


Specimen 
No. 


Shear on Rivet 
lb. per sq. in. 


Based on 


Nominal 
Diameter 


Diameter 
of Hole 


Carbon-steel rivets and carbon-steel plates 


ACC2-1 
ACC2-2 
ACC2-3 
Average 


GCC4-1 
GCC4-2 
GCC4-3 
Average 


Carbon-steel rivets and silicon-steel plates 


ASC2-1 
ASC2-2 
ASC2-3 
Average 


GSC6-1 
GSC6-2 
GSC6-3 
Average 


57 300 
57 400 
57 000 
57 230 


56 900 
55 500 
54 800 
55 700 


Shear on Rivet 


lb. per sq. in. 
Specimen Based on 
No. 
Nominal Diameter 
Diameter of Hole 


Manganese-steel rivets and carbon-steel plates 


41 500 ACM2-1 74 800 59 420 
44 460 ACM2-2 79 000 62 640 
47 100 ACM2-3 85 500 66 490 
44 350 Average 79 770 62 850 
46 160 GCM3-1 97 500 72 950 
46 370 GCM3-2 90 800 69 020 
46 150 GCM3-3 92 400 68 550 
46 230 Average _ 93 570 70 170 
Manganese-steel rivets and silicon-steel plates 
45 600 ASM2-1 69 700 55 370 
45 110 ASM2-2 77 400 60 940 
45 930 ASM2-3 71 700 58 720 
45 550 Average 72 930 58 340 
46 430 GSM4-1 69 600 56 285 
45 450 GSM4-2 71 000 58 150 
44 880 GSM4-3 70 300 57 370 
45 590 Average 70 300 57 270 
Manganese-steel rivets and nickel-steel plates 
ne ea 

ANM2-1 96 200 78 930 

AN M2-2 78 500 63 710 

ANM2-3 83 400 70 200 

Average 86 030 70 950 

TABLE 10 


CoMPARISON OF SHEARING STRENGTH OF DRIVEN AND Unpriven Rivets 
Values are averages of values given in tables 8 and 9 


Rivet 
Material 


Strength in Single Shear, in lb. per sq. in. 
ee Ee 
Driven Rivets 
ee eee 


Undriven 
Based on Nominal Based on Actual Rivets 
Diameter of Diameter of Hole 
Rivet in Plate 
58 960 45 430 46 280 
80 520 63 920 66 260 
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a: TaBLe ll 
Re Harpness or Driven Rivets; BRINELL NUMBERS ar 


Shank Shank 
Head ~ ¥ in. from 3% in. from Head ¥ in. from 3% in. from 
of : Section of Section of Section of Section of. 
ailure Failure Failure Failure 
Manganese-steel rivets Carbon-steel rivets 


283..Maximum. .148 
156..Minimum. .108 
205...Average. ..124 


SS pl 
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of the rivets was a little less than the diameter of the holes, but the 
difference was not great for these rivets with a short grip. This differ- 
ence might, however, be sufficient to account for the fact that the unit 
strength of the driven rivets, based on a rivet diameter equal to the 
diameter of the hole, was slightly less than that of the undriven rivets, 
as indicated in Table 10. 

The unit shearing strength of carbon-steel driven rivets, based 


upon the diameter of the hole, is very uniform, and the average 


strength is slightly less, 2 per cent, for the driven than for the un- 
driven rivets. The unit shearing strength of the manganese-steel 
rivets, based upon the diameter of the hole, varies considerably for 
the various groups of specimens, but the average strength is only 
slightly less, 4 per cent, for the driven than for the undriven rivets. 
The identity of the rivets for the various groups of specimens was not 
maintained, but, after the variation in strength of the manganese 
rivets was noted, the hardness of the rivets was determined to learn 
whether or not the hardness varies more for the manganese-steel than 
for the carbon-steel rivets. The method of making the test was as 
follows: A half-rivet resulting from a shear failure was put into a 
lathe and the end of the shank was machined away \ in., thereby 
removing the material in the immediate vicinity of the shear fracture. 
The end of the head was then machined away % in. to provide a flat 
base on which the specimen would bear solidly as the Brinell imprint 
was made on the end of the shank, and also to provide a plane surface 
for determining the hardness of the head. Two Brinell readings were 
taken on the shank and two on the head of each half-rivet. After the. 
test Just described had been completed, the half-rivets were again put” 
into the lathe and an additional 14 in. was machined from the end of 
the shank. The Brinell number was then taken on this new surface, 
two imprints being made on the end of the shank of each half-rivet. 
The Brinell numbers for the shanks and for the heads for both the 
carbon-steel and the manganese-steel rivets are listed in Table 11, the 
values given being the average of two tests in each instance. It is to 
be noted that the hardness varies more for the manganese-steel than 
for the carbon-steel rivets. This variation in hardness, which is prob- 
ably due to variations in the technique of driving, is a possible expla- 
nation of the variation in strength of the manganese-steel rivets. 

The average Brinnell number for the shank of the manganese- 
steel rivets was 219 at a point 1% in. from the section of failure, and 
205 at a point % in. from the section of failure. For the carbon-steel 
rivets, the corresponding values were 165 and 142. 


FATIGUE TESTS OF RIVETED JOINTS 41 


Considering the unit strength of the manganese-steel rivets based 
upon the diameter of the hole, the average strength of all of the driven 
rivets is only slightly less than the strength of all of the undriven 
rivets. But for individual groups the difference is much greater, being 
14 per cent for the GSM4 specimens. However, if the comparison is 
made on the basis of the nominal diameter of the rivets, the unit 
strength in shear for the same GSM4 group is 6 per cent greater for 
the driven than it is for the undriven rivets. 

The specimens KSC, LSC and MSC, shown in Fig. 21, which have 
silicon-steel plates and carbon-steel rivets, failed in the rivets. The 
values of the unit shearing strength, given in Table 7, for the carbon- 
steel rivets in double shear and with grips of 434 in., 344 in., and 1% 
in., are 49 950, 53 850, and 59 950 lb. per sq. in., respectively, based 
upon the nominal diameter of the rivets. These values are comparable 
with 42 140 lb. per sq. in. for undriven rivets in double shear. The 
fact that the value of the unit strength based on the nominal diameter 
of the rivet increased with the decrease in grip is attributed to the 
fact that the short rivets had a greater diameter than the long ones as 
the former more nearly filled the holes than the latter. The strength 
of the manganese-steel rivets in double shear, based on the nominal 
diameter of the rivets, was 59 100 lb. per sq. in. for LSM-1, the only 
specimen of this series with manganese-steel rivets that failed in the 
rivets. All others broke in the plate and at loads corresponding to a 
shearing stress in the rivets of 59 000 lb. per sq. in. or more. These 
values are comparable with 54 520 lb. per sq. in. for undriven rivets 
in double shear. The rivets were so badly deformed by the test that 
their actual diameter could not be determined and, because of the 
long grip, the rivets did not fill the holes, so that their diameter was 
not an accurate indication of the size of the rivet. Hence the unit 
strength in shear, based upon the diameter of the hole, is not given for 
these latter tests. 


8. Tensile Strength of Plates in Riveted Joints—Preliminary to 
the fatigue tests of plates in riveted joints, which constitute the prin- 
cipal part of the investigation reported in this bulletin, tests were 
made to determine the static strength of the plate material in order 
that the static strength and the fatigue strength might be compared. 
Two series of static tests were made; for one, machined control speci- 
mens were used; for the other, the specimens consisted of small riveted 
joints for which the strength of the plate was made slightly less than 
the strength of the rivets, thus insuring a plate failure. 
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: TABLE 12 
Propertius oF PLate MareriAL FROM CONTROL SPECIMENS 
Tensile Strength 
: Ib. per sq. in. : Elongation in Reduction 
Specimen 8 in. of Area 
No. per cent” per cent 
Yield Point Ultimate 
He laces ath teeeue coasts «al mote 33 700 62 400 29.5 58.6 
Be 33 700 63 100 29.7 57.3 
PAV OL NG Olte ver syec iio isin cvertia eee aie 33 700 62 750 29.6 58.0 
INT clea cine wiere pete ace Si le 34 000 62 400 30.4 59.5 
ae 34 600 64 000 29.1 58.5 
CNVOTAR Ce svacieters ee nites iaieieye.s 34 300 63 200 29.8 - 59.0 
} 
LO MS-3 fe xed ie citer cic e osha 37 200 64 200 30.2 55.8 
36 900 63 100 30.4 60.0 
36 000 63 100 30.5 56.9 
37 600 62 600 30.4 58.8 
AVOLAZE:#. ues atte bit Sew wre Neco e 36 925 63 250 30:4 57.9 
HCCG-i ye anlesies sists clels 36 200 63 200 31.7 58.7 
35 500 63 400 31.5 58.3 
BAVOLALE cis cities afore or oie eos wists 35 850 63 300 31.6 58.5 
CCG ia wede storey shies Nee 34 100 62 800 28.9 59.0 
36 500 63 100 27.8 58.1 
AVOEALE.. Ponce sta ee knee arco 35 300 62 950 28.4 58.6 
IC ©6283 aida neo rte earner 33 700 62 700 31.9 59.2 
37 100 64 000 30.0 59.0 
35 400 63 400 29.4 59.0 
35 200 62 800 30.6 59.1 
VASVOPARCls aieiarenrateievas whe ehaterénelets 35 350 63 225 30.5 59.1 
FES MG-Wyiecrs.e aecrardave 6 aneeukrotee 49 500 84 100 22.9 i ee 
53 500 83 700 22.0 51.3 
AVEIAZE,. AN Aes oars Cahn se eeare 51 500 83. 900 22.5 51.2 
EES M6214 ine ore mateo atete apeks 51 200 84 600 23.8 50.8 
52 000 83 200 23.9 51.0 
IAVELARGS seein c ak sane ese 51 600 83 900 23.9 50.9 
LS IMGES A ehis es euste fares wee 47 400 84 600 25.4 49.9 
48 100 84 400 24.1 51.0 
AV ETAL ied es cones cae aoe 47 750 84 500 24.8 50.5 
PISCS-1% te ade ty eae 48 600 86 700 20.1 50.0 . 
47 800 85 100 18.6 50.5 
IAVOLA Dee ale Foe ie/cehativetovcate 48 200 85 900 19.4 50.3 
ES OS-Zetiers dete teeters crate 47 100 85 300 23.0 50.0 
46 800 84 800 22.5 49.6 
IAVOLARG ac ene ote a RetoR 46 950 85 050 22.8 49.8 
ESC 8c atic Sen eee: 46 900 84 700 25.2 50.0 
47 800 85 400 22.0 50.0 
AV ORAM Enc ee pre oivens ore etakece 47 350 85 050 23.6 50.0 £ 


‘ The second letter in the specimen number indicates the plate material and the third letter the 
rivet material, the letters C, S, and M indicating carbon, silicon, and manganese steels, respectively. 


The machined control specimens were cut from the parent plate at 
points intermediate between the plates forming the small riveted 
specimens. The yield point, ultimate strength, elongation in 8 in. and 
reduction of area were determined for all specimens, and the stress— 


strain relation was also determined for a few specimens of each 
material. 
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The chemical composition of each kind of steel, as reported by the 
mill, is given in Table 4: 

The principal properties of the material, as given by tests of the 
standard control specimens, are given in Table 12. The yield point 
was determined from the drop of the beam at a pulling speed of 0.05 
in. per min. The ultimate strength was determined at a pulling speed 
of 0.40 in. per min. Typical stress-strain diagrams for carbon steel 
and silicon steel are given in Figs. 23 and 24, respectively. 

The details of the small riveted joints used in the static tests of the 
plate material are shown in Fig. 17, and the results of the tests are 
given in Table 13. The two values for the strength of the plate, one 
determined from tests of small riveted joints and the other from tests 
of control specimens, are compared in the table. The plates of the 
joints made of carbon steel developed a unit strength 14 per cent 
greater than that developed by the control specimens, and the plates 
of the joints made of silicon steel developed a unit strength 9 per 
cent greater than that developed by the control specimens, the unit 
strength being based on the net section through a rivet hole in each 
instance. 

The tests reported herewith are consistent with other tests that 
have been made in that the net section through the rivet holes de- 
veloped a greater unit strength than control specimens cut from the 
same plate, a commonly reported relation for joints for which the 
transverse distance between holes is not greater than 3 or 4 times the 
diameter of the holes. This excess strength decreases as the spacing 
increases and for a spacing of 8 diameters the unit strength of the 
net section may be smaller than the unit strength of the control 
specimens. 


Ill. Fatigue Tests 


9. Description of Machine—The machine used for the fatigue 
tests of riveted joints was designed specially for this investigation, and, 
except for the structural fabrication, was built in the laboratory shop. 
The machine is designed to produce an axial force on the specimen 
and to operate on a stress cycle in which the force may vary from 
200 000 Ib. tension to 200 000 lb. compression (—200 000 Ib. ten- 
sion). Moreover, either the maximum or minimum stress can be 
varied independently of the other so as to produce any desired cycle, 
including a complete reversal, a-partial reversal, or a pulsating stress 
having any desired relation between the minimum and maximum 


stresses. 
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The essential features of the machine are shown in Fig. 25. The 
force that produces the stress in the specimen originates in the 
variable-throw eccentric and is measured by the dynamometer. The 
force is multiplied by the I-beam lever, which has a multiplication 
ratio of 18. The specimen is attached to the pulling heads by means 
of turned bolts made of high-strength steel, the turned bolts being 
Yo in. smaller than the holes in the head of the specimen. as two 
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i plates that form each pulling head are spaced a considerable 

istance apart so as to straddle the bottom flange of the I-beam lever. 
Two fills were placed between the specimen and each side plate. One, 
a thick fill, was welded to the side plate so as to prevent excessive 
flexure on the bolts. The other, a thin one, several of different thick- 
nesses being available, was used to adjust the pulling head to speci- 
mens of various thicknesses. 

Bearings were provided at E which would support the I-beam 
lever in such a manner as to provide for free angular motion. This 
was necessary because the up-and-down motion of the outer end of 
the beam produced by the eccentric causes the beam to rotate about a 
horizontal axis. Similar bearings were provided at F and G, the outer 
ends of the pulling heads. These give the specimen freedom from 
angular restraint, which is necessary as otherwise a moment would be 
induced in the specimen and the unit stress at the section of failure 
would be unknown. The load to which these bearings are subjected 
is so large and the bearings at E and F are so close together that 
the usual types of bearings are not suitable. The special bearing that 
was devised to meet these unusual conditions is shown in Fig. 26 and 
described in the following paragraph. 

The bars A and B are a press fit in the reinforced web of the 
I-beam lever and project a little more than 3 in. from each side of the 
web. The segmental blocks C, D, E and F are hardened tool steel 
ground to a smooth cylindrical surface, and they are attached in such 
a manner that they can be removed, refinished, and replaced. The 
wedges H, I, J and K are also of hardened tool steel with ground plane 
surfaces and they, likewise, can be removed for refinishing. The 
blocks and wedges are on both the near and the far side of the lever. 
The wedges are supported on the steel semi-cylindrical blocks L that 
have inclined plane surfaces, which, in conjunction with the wedges, 
provide a means for adjusting the vertical distance between the two 
wedges, such as J and H, that constitute a pair. When the left- 
hand end of the I-beam lever moves down, putting the specimen in 
tension, the segmental block C rolls on the wedge H, and the seg- 
mental block E rolls on the wedge J. Because there is pressure be- 
tween © and H there will not be, with proper adjustment of the 
wedges, pressure between D and J, and sliding can take place. Like- 
wise sliding can take place between F and K as £ rolls on J. When 
the outer end of the beam is pushed up by the eccentric, putting the 
specimen in compression, D rolls on I and F rolls on K, and, at the 
same time, C slides on H and £ slides on J. For tests for which there 
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is no reversal of stress, the blocks-and-wedges D and J and F and K 
may be omitted. 

The line contact between the segmental blocks C, D, H, and F 
and the wedges H, I, J and K is the contact between a horizontal 
cylinder and a horizontal plane and lies in a vertical plane through 
the axis of the cylinder for all positions of the lever. For this reason 
the rotation of A and B as the left-hand end of the I-beam lever 
moves up and down does not affect the multiplication ratio of the 
lever. 

The dynamometer is a closed rectangle of steel machined from 
the solid. An Ames dial indicates the deflection of the long sides, as 
indicated in Fig. 25. The dynamometer was calibrated after it had 
been subjected to several thousand cycles and again after several mil- 
lion cycles. The change in the calibration constant was so small that 
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further calibrations appeared unnecessary. The deflection of the 
dynamometer for a variation of the load on the specimen from 
200 000 Ib. tension to 200 000 Ib. compression was approximately 
0.07 in. and the corresponding vertical movement of the outer end 
of the lever was approximately 7 in. 

Figure 27 is from a photograph of the duplex machine used for 
making the tests reported in this bulletin. 

Although the rolling bearing described in the previous paragraphs 
proved satisfactory, a different type of bearing was used for some of 
the tests not involving a reversal of stress. For this type, the blocks D 
and F and the wedges J and K, all of Fig. 26, were omitted; and the 
blocks C and E of Fig. 26 were replaced by similar blocks C and E of 
Fig. 28a. Likewise the wedges H and J and the semi-cylindrical 
blocks L of Fig. 26 were replaced by similar pieces HJ, and 
of Fig. 28. The latter pieces are shown in detail at the right in 
Fig. 28b. The round-edged pivot of block E bears in the semi-cylin- 
drical groove in the block J, the radius of the groove being slightly 
greater than that of the pivot. The angular movement is so small 
that it can be provided by the pivot rolling on the bottom of the 
groove, and sliding between the surfaces in contact does not occur. 
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Fig. 28. ALTERNATE DESIGN FoR BEARING 


Blocks # and J are made of hardened tool steel ground to shape and™ 
they can be removed, refinished and replaced when necessary. The 
contact between the block J and the block L is the surface of a 
cylinder, as indicated in Fig. 28b, thereby making the bearing self- 
aligning. Bearings of this type were used with complete satisfaction at 
both ends of the specimen and at the support for the I-beam lever 
for tests in which the stress was not reversed. Because the range line 
for the I-beam lever is not a straight line when this type of bearing 
is used, the multiplication ratio should be determined for the lever 
in the position giving maximum stress in the specimen. The angular 
motion of the lever is so small, however, that the multiplication ratio 
does not vary greatly during a cycle. 

A modification of the bearing of Fig. 28b that is somewhat easier 
to manufacture is shown in Fig. 28c. 

The procedure for beginning a test is as follows: The I-beam 
lever is placed in a horizontal position and the specimen is bolted to 
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the pulling heads, care being taken to have the specimen and the two 
pulling heads in proper alignment. After the bolts have all been 
tightened the throw of the eccentric is adjusted to give the desired 
stress range, and the length of the connecting rod between the eccen- 
tric and the outer end of the I-beam lever is adjusted to give the 
proper relation between the maximum and the minimum stress. Both 
of these are cut-and-try processes and the machine is cranked by 
hand while the adjustments are being made. The total force on the 
specimen to be used during a test is determined from the unit stress 
to be used and the dimensions of the particular specimens being 
tested. The corresponding deflection of the dynamometer is com- 
puted from the total force on the specimen, the multiplication ratio 
of the lever, and the calibration constant for the dynamometer. With 
the required deflection of the dynamometer known, the machine is 
turned by hand and the stress range and the ratio of the minimum to 
the maximum stress are noted and compared with the desired values. 
If the two sets of values do not agree, and they seldom do on the 
first trial, the throw of the eccentric and the length of the connecting 
rod are changed and the dynamometer readings are again noted. This 
process is repeated until the desired dynamometer readings are ob- 
tained. With a little practice the operator becomes quite proficient in 
making these adjustments and the process did not prove to be as 
tedious as its description indicates. 

The question has been raised as to whether or not the inertia of 
the heavy I-beam lever introduces an error in the force on the speci- 
men as determined by the dynamometer reading. An experimental 
check was made of the force acting on a specimen which would dis- 
close any error due to the inertia of the lever. The 1-in. plate shown 
in Fig. 29 was bolted in the fatigue machine in the same manner as a 
specimen and used as a calibration bar. An extensometer with a 10-in. 
gage length was attached to the central portion where the plate has a 
constant width of 6 in. A number of tests were made in which the 
total force on the plate was determined from the dynamometer 
readings and also from the extensometer readings, the latter being 
determined both when the machine was cranked by hand and when 
operated by the motor at a speed of 180 r.p.m. The extensometer 
readings were converted into force on the calibration bar from the 
stress-strain relation determined by a static test of the bar in the 
600 000-Ib. Riehle testing machine, the strain being measured with 
the same extensometer that had been used on the plate when it was 
tested in the fatigue machine. The results of the calibration are 
given in Table 14. The values in this table show that the inertia of 
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the lever does not introduce an appreciable error, and the values 
for the force obtained from the calibration bar and from the dyna- 
momieter readings agree closely. 

The method of measuring the force in a specimen by means of the 
calibrated dynamometer cannot be considered as a precise method, 
but it is believed that it does give the force on the specimen within 
2 or 3 per cent, which is accurate enough for these tests. 


10. Description of Tests—The object of the test was to determine 
the fatigue strength of riveted joints. In this report the fatigue 
strength is arbitrarily defined as the maximum stress to which a 
specimen can be subjected 2 000 000 times without failure. Three 
identical specimens of each kind were tested. The unit stresses to which 


TABLE 14 
CALIBRATION OF FATIGUE MAcHINE 


Total Load on Bar in Pounds from 


Test No. Extensometer Reading 
hf ser ped 
ee Machine Machine Run by 
Cranked Motor at 180 R.P.M. 
South machine 
1 134 560 134 000 136 800 
2 133 400 133 560 134 100 
3 132 240 130 860 132.120 
Average 133 400 133 140 134 340 
North machine 
ne ee cr ge ee ee Set eS ee ee 
1 141 600 141 100 142 200 
2 141 600 142 100 141 900 
3 141 600 141 700 140 900 
4 141 600 141 300 141 500 
Average 141 600 141 550 141 700 


ee SSSSSSSSSSSSSSSSSMehesee 


FATIGUE TESTS OF RIVETED JOINTS 


TABLE 15 


PuysicaL Properties oF MATERIAL IN FaticuE SPECIMENS FROM 
Tests or Controt SPEcIMENS 
SS 
Tensile Strength = ey 
Ib. per sq. in. Elongation in Reduction 
8 in. of Area 


Yield Point Ultimate EGET per cent 
eee ae te eee te be 


Carbon-steel plates 


43063 | B1-1,2,3,4,5,6....... 31 900 61 400 32.1 60.2 
33 200 63 500 29.9 58.3 
Average..:......... 32 550 62 450 31.0 59.25 
BeQGsEE Dial Bae eee 35 600 62 750 31.5 41.8 
36 900 63 100 313 40.6 . 
. MA VerAgG yit4 hs. 36 250 62 925 31.4 41.2 \ 
SCTE EET OSE EN ae 34 400 63 200 2Tat 41.9 
: 35 000 | 63 000 29.1 40.8 
AVOrARB UNE Reo 2c 34 700 63 100 28.4 41.3 
| BIRT BON Bown. ck. b se 32 600 63 700 31.2 43.8 
| 33 600 62 800 34.5 40.8 
: Average............ 33 100 63 250 32.8 42.3 
| 43063 | B12-1,2,3,4,5,6...... 33 900 63 600 29.5 57.8 
33 900 63 700 31.3 58.1 
AVerage... 2... sche ees 33 900 63 650 30.4 57.95 
SOS ee aR 1927.0, Ge see cas eros < 33 900 63 800 27.9 57.5 
34 700 63 800 29.7 58.2 
PRVETASO Yn cannes sic 34 300 63 800 23.3 57.85 
angsem EB Ieal, U8. Se tose. ses 34 500 64 800 28.0 47.8 
35 300 61 600 29.5 59.4 
VA VERA RE Setar; ate mes more 34 900 63 200 23.7 53.6 
ABOGOH HL Bis 2) Bec ccs.. ee: 33 600 61 400 31.2 59.2 
34 800 62 900 81.2 58.5 
IA VOPARC Heicias ois st sere 34 200 62 100 oLs2 58.85 
ASOG IME 1421. Dose nes as cce.a < 36 200 62 400 29.2 58.6 
: 39 400 64 300 29.1 58.1 
Ayeraget se. a. oxiisoe 37 800 63 350 29.2 58.4 
ALOGS TAD 15 Lae Sk. acs ope hee 38 600 64 100 27.4 58.6 
40 000 64 100 28.0 59.0 
39 500 64 000 28.9 55.4 
40 400 64 000 28.9 59.8 
PAV ETAR Ss cate vais Sucvicieyes 39 625 64 050 28.3 58.2 
43063 | B16-1,2,3 Bi7-1, 2,3 35 600 63 000 28.6 59.4 
Bed DS er ie hic fearon 36 300 63 600 27.8 57.7 
35 200 63 200 30.4 58.0 
36 400 63 000 30.0 59.3 
DAV CY RRG es tists nvele ee whe 33 875 63 200 29.2 58.6 
43063 | B19-1,2,3 3B20-1,2,3 36 600 64 500 26.8 59.5 
36. 000 63 600 26.9 59.8 
35 900 63 300 31.5 59.5 
35 900 63 100 30.0 59.5 
ASVOTAPD alahe actress 36 100 63 625 29.3 59.6 
ae MRIS 27a 1s 0 Biss aie hacer «2 \sievs 31 800 63 600 29.0 56.4 
43063 | B31-1,2,3 3B32-1, 2,3 31 900 61 400 32.1 60.2 
B40-1, 2, -1, 
: : 33 200 63 500 29.9 58.3 
33 000 62 100 24.6 62.1 
IAWOLAGE access < sels sie 32 700 62 330 23.8 60.2 
Abc ieee ye) Cee e aamorae 34 930 63 520 31.19 59.6 
57354 | B35-1,2,3 3B37-1, 2,3 31 150 61 800 33.5 57.15 
BSS. 1k QF ahh ate ete 
SOA SOs p oro a raat 34 060 63 400 29.62 57.2 
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TasBLe 15.—(CoNncLUDED) 


PuysicaL Properties or MATERIAL IN FaticurE SPECIMENS FROM TESTS OF 
ContTROL SPECIMENS 


ee — 


Tensile Strength 


lb. .in. 1 tion i Reduction 
Heat Fatigue Specimen PeEed E nee ae in pee 
No.* Numbers per cent per cent 
Yield Point Ultimate 
Silicon-steel plates 
GLLOSH |) BIOs Aids swear cieeee i. 49 100 94 200 21.9 47.8 
50 700 88 800 25.5 53.4 
IVER ADO? oieiscr6ccsreyaie 49 900 91 500 23.7 50.6 
GIZOST WB Ulad 2 air crerstisrerate ses 6 No drop 82 700 19.8 50.8 
of beam 
46 800 87 000 18.3 48.4 
AVCTERC Jatt itere cies - 46 800 84 850 19.05 49.6 
61203 | B21-1,2,3 B22-1,2,3 50 600 91100 ~ V7 ek 45.9 
BZ SHR eS castisucuerocrs ans,» 
50 300 90 800 18.1 46.5 
50 600 90 200 20.1 46.2 
51 500 89 600 20.0 47.2 
AVOT ARO salem «, oy.aaie 50 750 90 425 18.8 46.5 
38506 | B28-1, 2,3. B30-1, 2,3 47 300 80 200 25.9 5322 
38506 | BS37-1, 2,3 47 900 80 800 25.18 53.7 
BS38-1, 2,3 
61203 B24-1, 2,3 B25-1, 2,3 49 850 91 000 17.8 46.3 
B26H 2 Satmaeockactre 
Nickel-steel plates 
194353] B29-1, 2,3... .00.0c80- 60 000 99 200 19.2 46.8 
IBNSia1, BUS sic. cine 56 000 99 100 18.8 46.4 
56 000 98 800 19.6 46.6 
BNSS-1e 28 sieee sess 57 300 99 030 19.2 46.6 
Carbon-steel rivets a 
129947-A+| B1 to B12, inclusive... . 38 400 60 600 32.0t 61,5 
129947-B 41 750 60 100 36.5 63.5 
129947-C 37 750 59 500 36.0 65.1 
129947-D 40 000 52 700 39.0f 65.9 
129947-E 35 300 53 750 34.5f 65.3 
129947-F 39 000 60 550 33.5% 65.4 
129947-G 34 200 55 000 39.0t 69.5 
129947-H 36 800 58 750 38. 5f 67.0 
AVe@Pages. ce. coc. ses 37 900 57 620 36.1 65.4 ! 


*For chemical analysis see Table 4, page 14. 
{Each control specimen is from a different rod. 
{Elongation is in 2 in. for the carbon-steel rivets. 


the three specimens were to be subjected were selected, as nearly as it 
was possible to estimate in advance, so that one specimen would fail 
at 500 000 cycles, one at 1 000 000 cycles and the third at 2 000 000 
cycles. Although the actual number of cycles for failure differed con- 
siderably from these values, the three tests did determine the fatigue 
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strength fairly satisfactorily in most instances. For some series, how- 
ever, the results of the three tests were inconsistent in the sense that 
one specimen tested at a high stress would withstand more cycles 
than an identical specimen tested at a lower stress. Such a series 
of tests cannot be considered as having determined the fatigue strength 
entirely satisfactorily, although in most instances the fatigue strength 
was located within comparatively narrow limits. 

Most of the tests were made on a stress cycle in which the stress 
varied from 0 to a maximum tension, but a few specimens were sub- 
jected to a complete reversal of stress and, for a few others, the 
stress varied from a maximum tension to a tension one-half as great. 

Some auxiliary observations were made on most of the speci- 
mens used in the fatigue tests. These included static tests of control 
specimens, strain increments at the two edges of the specimen near 
the center, slip between the plates, and, for a few specimens, the 
tension in the rivets. 

The specimens used in the static tests of control specimens were 
cut from the same parent plate as the plates of the fatigue specimen, 
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and the physical properties of the materials, as determined by these 
control tests, are given in Table 15. Typical stress-strain diagrams 
for the carbon-steel and silicon-steel plates are given in Fig. 30. 


The strain was measured at the edges of the fatigue specimen near — 


the center with a 2-in. Berry strain gage. The object of taking these 
readings was to have a check upon the stress distribution across the 
section and also to detect impending failure. 

- The slip between the plates was measured with a slip pin, in the 
manner described in Section 6, except for specimens for which the slip 
was large. For the latter it was measured with either an Ames dial or 
a Berry strain gage. Initial readings were taken before the specimen 
had been loaded, and then at frequent intervals during the test. The 
total accumulated slip at any instant and the slip occurring during 
a cycle were both determined. 

The tension in the rivets was measured in the manner described 
in Section 3. The idea of determining the effect of the tension in the 
rivets upon the fatigue strength did not occur until the investigation 
had been nearly completed and, for that reason, the tension was 
measured for only a few specimens. 

The testing machine was originally operated at a speed of 33 r.p.m., 


and the intention was to operate at stresses that would cause failure at — 


not more than 200 000 cycles. Later it seemed desirable to subject 
the specimens to a larger number of cycles and, in order to avoid 
extending the time required for a test unduly, the speed of the ma- 
chine was increased. Later additional increases in speed were tried 


until finally a speed of 180 r.p.m. was attained. This speed was used _ 
for all of the later tests of specimens subjected to a repeated stress> 


The maximum speed for specimens subjected to a complete reversal 
of stress was 135 r.p.m. 

The machine was equipped with an automatic device for throw- 
ing the motor switch when a crack developed in the specimen, and 

was operated day and night without an attendant. 

The specimens used in the tests to determine the fatigue siren 
of structural members were of two kinds, those designed to fail in the 
rivets and those designed to fail in the plate. Tests of the former are 
described in Section 11, and tests of the latter are described in Sec- 
tions 12 to 19. 


11. Tests of Specimens Designed to Fail in Rivets—The specimens 
designed to fail in the rivets are shown in Fig. 31. In the absence of 
definite knowledge of the fatigue strength of either the rivets or the 
plates in joints of this type, the specimens were designd on the basis 
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Fic. 31. Faticus Specimens DesicNep To Fam in Rivers 


unit shear* 


of a ————- ratio of 1.20 for carbon-steel rivets and carbon-steel 


unit tension 


plates. The unit shear in the rivets was made greater than the unit 
tension in the plates to insure, as it was believed, a rivet failure. The 
variables to be studied, as outlined in the original program, included: 

(1) Relation between maximum and minimum stress in the stress 


cycle 
(2) Grip of rivets 
(3) Method of driving rivets 


(4) Number of rivets in line in direction of stress 


(5) Rivet material. 


*The unit shear and unit bearing of 
assumption that all of the axial force in 
sisted by the friction between the plates, 


the rivets used in this bulletin are computed on the 
the specimen is resisted by the rivets and none is re- 
an assumption that is known to be contrary to fact, 


but one which is universally used by structural engineers. See Appendix A. 
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TABLE 16 
Faticup Strencru or Riverep Joints DesicgNep To Fam, in Rivers 


Stress Cycle, 
Meal of 1b per Le 7. \ failure, 
fhousarnds 
a ey ta a) ee ae 


BIS ge ne es g ee ¥ ee No Fatlure 


ShEE) Sketch of Joint 


Ist Test 
BiaoE & Ey +/89 fo | +22070 | +46/ to 26 Hate fatled throu 
2nd Test} © 9} -/8.9 =Z2L0 -46,/ Lol? hole it) head. 


Je'"8' PL, +/7Z to | +Z00 70 | +419 to 167 \(late tailed througt 
Bit | Lp | 1792? | TO? | 8g bolt hole in head. 


H29 to | +/6070\ +314 fo Plate failed ar 
BI-3 -129 | -/50 “9A end of weld. 
Rivets Drilled Out\ Oto é °°| fa/lure of 
-— Peasants sel pore Ta: Sees 
Bl-2 eas 070 O to 0 to °° Sallie oF 
12”, se, FI. LW 35.0 TES. . 2’ plate. 
BI-6 = == | on Oto 0 fo °° Fav/ure of 
129 3500 62.8 4) 2’ clare 
B62 /st Jest 010 6.2 | Oto l60| 0 tol0s 4 No failure. 
562 Ld, O to 83 | 0t020.0\ 0 to/40 12 No failure. 
862 5rd 0 10103 | 0t0250| 010175 | 2056 No failure. 
B62 4th 0 to 124 | 0 0 300| O to 209 24 S2. No failure. 
83-2 Ist 0 70 124 \ 0.70 30.0) 0 to 209 2/44 No failure. 
83-2 +124 to | +300 to | +209 to 1904 No failure. Test 
&rd Test -/24. -30.0 -209 aiscontinued. 
BS-/ oe e en ( @ sibs eS One rivet talled. 
852 ee ee 10 | All 4 rivets failed. 


[ 48770 | 501 | 4a7 ee 1375 | One rivet head 
Ei weXe CREA Popped off ~ 


Lin. carkorn-stee/ rivets; 8! and 83 driver with hyaraultic riveting machine, BE ard 
66 driven with preumatic hand riveting hammer 


Because the fatigue strength of the rivets was greater than had 
been anticipated, the systematic study of these variables proved to 
be impracticable with the specimens provided. Some of the speci- 
mens were altered after they were originally fabricated, but the 
sketches of Fig. 31 show the specimens as tested. 

The results of the tests of riveted joints without fills are given in 
Table 16, and the individual tests are described in the following para- 
graphs. The unit rivet shear and bearing given in the table are based 
on the nominal diameter of the rivets, and the unit plate tension is 
based on the net section of the plate through the rivet holes in the 
joint even though the failure was on a section through a bolt hole in 
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the head. Rivet holes 114 in. in diameter were deducted in computing 
_ the area of a net section. 
_ The first specimen to be tested was B1-5, shown in Fig. 31a. At the 
_ time this test was made the machine was running at a speed of 33 

r.p.m., and the plan was to produce failure in approximately 200 000 

cycles. For the cycle first used, the shear on the rivets varied from 

17 000 lb. per sq. in. in one direction to a shear of equal intensity in 
the opposite direction. As failure had not occurred at the end of 

251 700 cycles, the unit shear was increased so as to vary from 22 000 

Ib. per sq. in. in one direction to an equal shear in the opposite direc- 

tion. There was no indication of impending failure in the rivets but 

the middle *4-in. plate developed a transverse crack through a bolt 

hole in the head of the specimen after 26 300 cycles at the higher 

load, and the test was discontinued. The average stress in the plate 

at the section of failure varied from 18 700 lb. per sq. in. tension 

to an equal compression. 

Specimen B1-4, a duplicate of B1-5, was subjected to a stress cycle 
that produced a stress on the rivets that varied from a shear of 

20 000 lb. per sq. in. in one direction to an equal shear in the opposite 

direction. The middle %4-in. plate developed a transverse crack 
through a bolt hole in the head at 167 000 cycles. The average stress 

in the plate at the section of failure varied from a tension of 17 000 
lb. per sq. in. to a compression of equal intensity. 

Because of the failure of the plate for specimens B1-5 and B1-4, 
reinforcing plates were welded to B1-3 as indicated in Fig. 31b. The 
shear in the rivets for this specimen varied from 15 000 lb. per sq. in. 
in one direction to a shear of equal intensity in the opposite direction. 
A transverse crack developed in the 34-in. plate at the end of the weld 
toward the center of the specimen at 176 000 cycles. The average 
stress in the plate at the section of failure varied from a tension of 
10 500 lb. per sq. in. to a compression of equal intensity. 

It now appeared evident that it would be impossible to break the 
rivets of the B1 series because the fatigue strength of the rivets was 
greater than the fatigue strength of the plate. Specimens B1-1, B1-2, 
and B1-6 were therefore altered by drilling out two rivets from each, 
as shown in Fig. 3lc. These specimens were tested on a cycle in 
which the stress varied from zero to a maximum. The number of 
cycles for failure and the stress range in lb. per sq. in. shear on the 
rivets were as follows: For B1-1, 46 200 cycles at 0 to 40 000; for 
B1-2, 1 217 000 cycles at 0 to 35 000; and for B1-6, 2 276 000 cycles 
at 0 to 30 000. But the failure for all specimens was by tearing out 
the rivet to the end of the plate, even though the end distance for these 
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plates was standard for 1-in. rivets, 134 inches. In no instance was 
there evidence of impending failure of the rivets. 

Specimen B6-2, shown in Fig. 31d, was first tested on a cycle in 
which the shear on the rivets varied from 0 to 15 000 lb. per sq. in. 
It was believed that fatigue failure of rivets will not occur unless — 
there is an appreciable slip in the joint. As there was no appreciable 
slip at the end of 3700 cycles, the cycle was changed to one for which 
the shear on the rivets varied from 0 to 20 000 lb. per sq. in. As no 
appreciable slip had developed after 12 300 additional cycles, the 
stress was again increased, the new range being from 0 to 25 000 Ib. 
per sq. in. shear on the rivets. The test was continued at this new 
stress for 2 056 000 additional cycles and then, as there was no evi- 
dence of impending failure, the stress was again increased, the new 
range being 0 to 30 000 lb. per sq. in. shear on the rivets. The slip 
during the first application of the new stress was 0.0200 in. and 
0.0154 in. for the south and north plates, respectively. After 2 132 000 
cycles at this new stress, these slips had increased to 0.0233 in. and 
0.0170 in., respectively, but no evidence of impending failure was dis- 
covered, and the test was discontinued. The total number of cycles 
to which the specimen was subjected without failure was 4 204 000. 

Specimen B3-2, also shown in Fig. 31d, was tested on a cycle in 
which the shear on the rivet varied from 0 to 30 000 Ib. per sq. in. 
There was no evidence of impending failure after 2 144 000 cycles, 
so the cycle was changed to one in which the shear on the rivet varied 
from 30 000 Ib. per sq. in. in one direction to an equal shear in the 
opposite direction. No evidence of impending failure could be dis- 
covered after 1 904 000 repetitions of the new cycle, 4 048 060 
cycles in all, so the test was discontinued. This seems the more re- 
markable because the rivets are long and, as pins are usually con- 
sidered, are subjected to a very large flexural stress. 

During the first test of B3-2, the accumulated slip due to 2 144 000 
cycles in which the shear on the rivets varied from 0 to 30 000 Ib. 
per sq. in. was 0.0043 in. between the center and south plates and 
0.0006 in. between the center and north plates. During the second 
test, the accumulated slip (measured at zero load) due to 1 854 000 
cycles in which the shear on the rivet varied from 30 000 Ib. per sq. 
in. in one direction to an equal shear in the opposite direction, was 
0.0066 in. between the center and south plates and 0.0039 in. between 
the center and north plates. 

After the fatigue test of B3-2 had been completed, the tension 
remaining in the rivets was measured and found to be 34 100, 23 .700, 
38 400 and 36 200 Ib. per sq. in. for the four rivets constituting the 
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joint. The diameter of the rivet over the middle portion was meas- 
ured, and the average for the four rivets was found to be 0.04 in. 
less than the average diameter of the holes, indicating that the rivets 
probably were not in contact with the edges of the holes in the plates, 
and that slip was prevented by friction even after the specimen had 
been subjected to over 4 000 000 cycles. 
| Specimens of the B5 series, shown in Fig. 3le, were tested on a 
cycle involving a complete reversal of stress. For B5-1 the shear on 
the rivets varied from 30 000 Ib. per sq. in. in one direction to a 
_ shear of equal intensity in the opposite direction. The slip was large 
| from the beginning of the test, and one rivet failed near the middle of 
_ the shank at 2200 cycles, the failure apparently being a flexural fail- 
“ure. Specimen B5-2 was tested on a cycle having a stress range in 
shear from + 20 000 to —20 000 lb. per sq. in. The slip was large 
_ from the beginning of the test, and all four rivets failed in the shank at 
9500 cycles. For B5-3 the stress range in shear was from + 15 000 to 
-—15 000 lb. per sq. in., and for this test also the slip was large from 
the beginning of the test. The head popped off one rivet at 1 375 000 
_eycles and the test was discontinued. 
| The rivets of B5-1 and B5-2 broke at such a small number of 
cycles that the tests are not a reliable indication of the fatigue 
_ strength, except to show that it is low. The fatigue strength of the 
rivets of B5-3 was a little less than 15 000 lb. per sq. in. under a 
| complete reversal of stress. 
| The specimens of the B1, B11, B31, B32, and B33 series (see Sec- 
tion 18) all failed in the plate, nevertheless the tests are of interest in 
studying the fatigue strength of rivets because of the large number of 
cycles of large shearing stress which the rivets withstood before the 
plates failed. The specimens of the B11 series, shown in Fig. 43, were 
of manganese-steel rivets and silicon-steel plates. The stress cycle 
was from 0 to a maximum tension in the plate, and the results of the 
individual tests are given in Table 36. The fatigue strength of the 
rivets in shear, taken as S/T times the tension in the plate, and based 
on the assumption that the rivets failed as soon as the plates did, 
“would be 25 800 lb. per sq. in. Since none of the rivets failed, all that 
is known is that the fatigue strength of the rivets in shear was more 
than 25 800 lb. per sq. in. 
| The specimens of the B1, B31, B32 and B33 series, shown in Figs. 
-831c and 42, were of carbon-steel rivets and carbon-steel plates. The 
stress cycle was from 0 to a maximum tension in the plate, and the 
as of the individual tests are given in Table 35. The fatigue 
strength of these rivets, taken as S/B times the bearing of the rivet 
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on the plate, and based on the assumption that the rivets failed as 
soon as the plates did, would be 32 600 Ib. per sq. in. for B1, 32 100 
Ib. per sq. in. for B31, 34 800 lb. per sq. in. for B32, and 31 800 lb, 
per sq. in. for B33, an average value of 32 800 lb. per sq. in. for the 
four groups of three specimens each. Since none of the rivets failed, 
all that is known is that the fatigue strength of the rivets in shear 
exceeded 32 000 lb. per sq. in. 

Among the specimens described later in the bulletin, there are 6 
groups of 3 identical specimens each that had a T:S:B ratio of 1.00 
: 0.72 : 1.50 and one group of 3 that had a T:S:B ratio of 1.00 : 0.75 
: 1.56. Although these were planned to fail in the plates, they ‘were 
really of balanced design. They include the following series: B7 and 
B10, Table 33, and Fig. 41a; B27, B28, B29 and B30, Table 34, and 
Fig. 41b, and B35, Table 22 and Fig. 37b. 

These specimens, 21 in all, were tested on a cycle in which the 
stress varied from 0 to tension, and all failed in the plates, although 
the joints were of balanced design as judged by present practice in 
the design of riveted joints to resist static loads. 

The two groups of specimens B42 and B43, shown in Fig. 32a, 
were identical except that the central plates of B42 were milled and 
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TABLE 17 
Fatigue SrrenetH or Riverep Joints DesicNep To Fam mw Rivers 
One-inch carbon-steel rivets 
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Stress Cycle in 1000 lb. per sq. in. Cycles 
Joint for 
No Failure 
Shear* Bearing* in 
1000's 
Middle B42-1 L +30.0 to —30.0 +47.1 to —47.1 

plates B42-1 U +30.0 to —30.0 +47.1to —47.1 a 

in Average +30.0 to —30.0 +47.1 to —47.1 82 
bearing 

B42-2 L +22.0 to —22.0 +34.6 to —34.6 122 

B42-2 U +22.0 to —22.0 +34.6 to —34.6 458 

B42-3 L +22.0 to —22.0 +34.6 to —34.6 229 

B42-3 U +22.0 to —22.0 +34.6 to —34.6 356 

Average +22.0 to —22.0 +34.6 to —34.6 291 

Middle B43-1 L +30.0 to —30.0 +47.1 to —47.1 6 

plates B43-1 U +30.0 to —30.0 +47.1to —47.1 6 

not in Average +30.0 to —30.0 +47.1to —47.1 6 
bearing 

B43-2 L +22.0 to —22.0 +34.6 to —34.6 148 

B43-2 U +22.0 to —22.0 +34.6 to —34.6 170 

B43-3 L +22.0 to —22.0 +34.6 to —34.6 81 

B43-3 U +22.0 to —22.0 +34.6 to —34.6 78 

Average +22.0 to —22.0 +34.6 to —34.6 119 


*For explanation of unit shear and unit bearing see Appendix A. 


were in contact under pressure when the rivets were driven, whereas 
there was a clearance of 0.50 in. between the corresponding plates of 
B43. The specimens were tested on a cycle in which the stress was 
completely reversed. The maximum unit stress during a stress cycle 
was selected for failure, as nearly as could be estimated in advance, 
at 100 000 to 200 000 cycles. The specimens were designed for a rivet 
failure, the T:S:B ratio being 1.00 : 2.03 : 3.19. Each specimen is in 
reality composed of two similar joints each consisting of two rivets. 
When the rivets of one joint failed, they were replaced by high- 
strength bolts, and the test continued until the rivets of the other 
joint failed. In this way two tests were obtained from each specimen. 

The physical properties of the rivet rods from which the rivets of 
these specimens were cut were obtained from static tests of control 
specimens of the dimensions shown in Fig. 5. The physical properties 
were found to be as follows: Yield point 36 600 lb. per sq. in., ulti- 
mate strength 55 000 lb. per sq. in., reduction of area 70.7 per cent, 
elongation in 2 in. 47.0 per cent. 

The results of the fatigue tests are given in Table 17. The letters 
L and U in the specimen number indicate the lower and upper joints 
of the specimen, respectively. These tests indicate that, for a riveted 
joint subjected to a complete reversal of stress, the life of the joint 
will be greatly increased if the ends of the plate have milled ends 
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in contact so that a considerable portion of the compression is taken 
by the plates in bearing, thus reducing the corresponding shear on the 


rivets. All of the joints in these two series had a large slip at the 
stresses at which they were tested, and the fatigue strength of the © 


rivets was low. 


A series of bolted specimens were tested to determine the effect of | 


the tension in the bolts on their fatigue strength. The specimens, 
shown in Fig. 32b were identical except for the tension in the bolt. The 


1 


bolts were of high-strength steel* turned to a diameter of 1145 in. and — 


the holes in the plate were drilled with a 14,-in. drill. The bolts 
were equipped with pins for determining the elongation of the body of 
the bolt, as explained for rivets in Section 3, and the elongation of 
the bolt was measured as the nut was tightened in order that the 
tension in the bolt at the beginning of a test would be known. The 
initial tension in the B39 bolts was (approximately) 30 000 lb. per 
sq. in., that in the B40 bolts 20 000 Ib. per sq. in., and that in the 
B41 bolts 10 000 lb. per sq. in. The results of the individual tests are 
given in Table 18. According to the data in this table the values of 
the fatigue strength of the bolts, in lb. per sq. in. shear on the bolts, 
are 55 410, 39 300, and 35 200 for bolts for which the values of the 
initial tension were 30 000, 19 400, and 9925 lb. per Sq. 1n., respec- 
tively. The results of these tests indicate that the fatigue strength 
of the bolts of a joint is increased by an increase in the friction be- 
tween the plates. This conclusion appears reasonable since the fric- 
tion between the plates reduces the shear that is resisted by the bolts. 

The fatigue specimens designed to fail in the rivets that have been 
described in the previous paragraphs have no fills between the main 
plates that are connected. In contrast with these, the specimens 
described in the following paragraphs have fills intermediate between 
the main plates. 

Specimen B3-3, originally fabricated with four rivets, was altered 
by drilling out two rivets and by cutting two %-in. and two %-in. 
plates at the edge of the joint, as shown in Fig. 33a, so as to leave a 
¥g-in. and a %4-in. loose fill between the middle and each outside plate. 
The specimen was tested on a cycle in which the shear on the rivet 
varied from 20 000 lb. per sq. in. in one direction to a shear of equal 
intensity in the opposite direction. The specimen failed by the failure 
of one rivet in flexure at 6000 cycles, as indicated in Table 19. 

Specimens of the B2 series were altered by drilling out two rivets 
and cutting one inside 34-in. plate on each side of the specimen at the 

*Tests of standard control specimens cut from similar bolts of the same shipment gave 


physical properties as follows: Ultimate strength, 120 900 Ib. per sq. in.; yield point, 109 500 
Ib. per sq. in.; elongation in 2 in., 27 per cent; and reduction of area, 57 per cent, 
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Fic. 33. Fatigue Specimens Wiru FIs 


end of the joint to form loose fills, as shown in Fig. 33c. Specimens 
B3-1, B6-1 and B6-3 were altered by cutting one inside 34-in. plate 
on each side of the specimen at the end of the joint and by cutting the 
two outside %4-in. plates on each side of the specimen to form a tight 
fill on each side, as shown in Fig. 33b. All of these specimens were 
subjected to a complete reversal of stress, and the details of the indi- 
vidual tests are given in Table 19. 

The results of the tests of B6-1 are inconsistent with those of 
B3-1, since B6-1, with a lower stress, required a smaller number of 
cycles for failure. This inconsistency in strength may be due to a 
difference in the slip. For B3-1, the total slip from maximum stress 
in one direction to an equal stress in the opposite direction was 0.027 
in. at the beginning, and did not increase as the test continued. For 
B6-1, the slip was approximately 0.10 in. from the beginning of the 
test. For specimen B6-3, which had a high fatigue strength, the slip 
was 0.004 in. at the beginning of the test, and increased to 0.017 in. at 
3 000 000 cycles. 

After the tests described in the previous paragraphs had been made, 
the plates of specimen B6-3 were used for bolted specimens. The 
rivets through the fills were left in place, but the shear-resisting rivets 
were replaced with bolts, as shown in Fig. 33b. The results of the tests 
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TABLE 19 
Fatigue STRENGTH oF Rivetep Joints Witu FIs 


Stress Cycle 
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One rivet failed, 


One rivet failed 
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are given in Table 20. The bolts used for the first specimen, designated 
as B6-3a, were 1-in. standard machine bolts, and the nuts were put on 
by an experienced machinist with no instructions other than to “draw 
them up tight.” The specimen was tested on a cycle in which the 
stress varied from a shear on the bolt of 20 000 lb. per sq. in. in one 
direction to a shear of equal intensity in the opposite direction. There 
was a large amount of slip from the beginning of the test, and the 
joint heated due to the slip as the test continued. The head of one 
bolt popped off at 328 800 cycles and the test was discontinued. 
After the test described had been made, the standard machine 
bolts were replaced with 144.-in. turned bolts of high-strength steel,* 
the resulting specimen being designated as B6-3b. The overall length 
of each bolt was measured with a micrometer caliper before and after 
the nut was tightened and the tightening was continued until the total 
elongation of the bolt exceeded the elastic deformation at the yield 
point, but the plastic deformation was probably limited to the root of 
the thread. The tension in the body of the bolt is not accurately 
known, but probably was about 30 000 Ib. per sq. in. This specimen, 


*See footnote, page 64. 
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also, was tested on a cycle for which the stress on the bolt varied 
from a shear of 20 000 Ib. per sq. in. in one direction to a shear of 
equal intensity in the opposite direction, the unit shear being based 
on the nominal diameter of 1 in. The slip between the plates, from a 
maximum shear in one direction to a maximum shear in the opposite 
direction, was 0.0012 in. for the first cycle. This slip increased to 
0.0013 in. at 1 806 000 cycles and, as there was no sign of impending. 
failure, the test was discontinued. Although the bolts were turned 
bolts, they were 4%, in. smaller in diameter than the holes, and the 
resistance to slip was due to friction. 

After the test of B6-3b had been completed, the bolts were replaced 
by similar ones, and the resulting specimen was designated as B6-38c. 
The bolts of this specimen were equipped with pins for measuring the 
change in the length, the same as the rivets shown in Fig. 2, the 
change in the distance between the outer ends of the pins being the 
change in length of the body of the bolt. The nuts were tightened 
until the stress was 36 900 and 39 300 lb. per sq. in., for the west. 
and east bolts, respectively. The specimen was tested on a cycle in 
which the shear on the bolts, based on a nominal diameter of 1 in., 
varied from 25 000 Ib. per sq. in. in one direction to a shear of equal 
intensity in the opposite direction. The slip after a very few cycles, 
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not more than ten, was 0.0059 in. for the west and 0.002 in. for the 
east edge of the plates of the joint. The slip and the tension in the 
bolts was measured at frequent intervals during the test, and the 
relation between these quantities and the number of cycles is shown 
in Fig. 34. The specimen was found to be warm after 374 600 cycles, 
and it was hot at 413 700 cycles. The slip at the west edge of the 
joint increased rapidly so the test was discontinued at 578 200 cycles. 
It is interesting to note the relation between the tension in the bolts 
and the slip between the plates of the joint as the test continued. 

A large number of tests have been made to determine the fatigue 
strength of the rivets of riveted joints. The results of tests of speci- 
mens subjected to stresses that were repeated but not reversed are 
fairly consistent, and show a fatigue strength of the order of 30 000 
lb. per sq. in. shear on the rivets. But the results of tests of speci- 
mens subjected to reversed stresses are very inconsistent. One speci- 
men, B3-2, was apparently unaffected by 1 904 000 cycles in which 
the stress varied from 30 000 lb. per sq. in. shear on the rivets in one 
direction to a shear of equal intensity in the opposite direction. The 
rivets had a 4.5 in. grip and did not fill the holes. Specimen B2-3 with a 
%-in. loose fill had one rivet fail at 2 219 000 cycles, the stress vary- 
ing from 22 500 lb. per sq. in. shear on the rivets in one direction to 
a shear of equal intensity in the opposite direction. Specimen B6-3 
with a 3¢-in. tight fill had one rivet fail at 3 512 000 cycles, the stress 
varying from 20 000 lb. per sq. in. shear on the rivet in one direction 
to a shear of equal intensity in the opposite direction. 

In contrast with the performance of the specimens described in 
the previous paragraphs, the following specimens, all subjected to a 
complete reversal of stress, failed in the following manner, the stress 
being shear on the rivets in lb. per sq. in. in each instance: Specimen 
B3-3 failed at 6 000 cycles, maximum stress 20 000; specimen B5-2 
failed at 10 000 cycles, maximum stress 20 000; specimen B5-3 failed 
at 1 375 000 cycles, maximum stress 15 000; and four specimens of 
the B43 series, all tested at 22 000 Ib. per sq. in. failed at 148 000 
170 000, 81 000 and 78 000 cycles, respectively. 

It is to be noted that none of the specimens used in the tests re- 
ported in this section had more than two rivets in a line in the direc- 
tion of stress. In general, the total shear on specimens of this type is 
distributed fairly uniformly among the rivets of the joint unless the 
section of the inside plate differs materially from that of the two out- 
side plates, or unless the load-slip relation is different for the different 
rivets. It is generally accepted, however, as a result of tests and of 
analytical studies, that if there are more than two rivets in a line in 


is 


; 
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the direction of stress, then at small loads the outside rivets will take 
more than their proportionate share of the total shear. Under static 
loading, however, an equalizing redistribution of stress takes place 
when the stress on the outside rivets is great enough to cause an ap- 
preciable slip, and there is no appreciable reduction in the static 
strength of the joint because of the uneven distribution of shear among 
the rivets at small loads. The fatigue strength of such a joint, how- 
ever, is uncertain because a load that, evenly distributed among the 
rivets of a joint would cause no slip, might produce an appreciable 
slip in the outer rivets if there are more than two in a line. A large 
number of repetitions of this slip might reduce the load-slip ratio 
for these outside rivets, thereby gradually increasing the shear that 
is thrown upon the interior rivets until they are subjected to a shear 


which, many times repeated, may reduce the load-slip ratio for these 


rivets also. That portion of the shear which is not resisted by fric- 
tion between the plates causes a flexural stress in the shank of the 
rivet, and any influence that reduces the load-slip ratio may reduce 
the fatigue strength of the rivets. Because of this possibility, any 
conclusions that may be derived from the tests reported in this sec- 
tion are limited in their application to the rivets of a joint a not 
more than two rivets in a line in the direction of stress. 

Because the results of the tests to determine the fatigue strength 
of the rivets of a riveted joint are so inconsistent, no definite conclu- 
sions can be formed from them. Instead, only very general state- 
ments will be made relative to the results. These statements are as 
follows: 

(1) The results of tests in which the shear on the rivets was re- 
peated but not reversed were fairly consistent, and indicate that the 
fatigue strength of rivets under repeated stress is of the order of 
30 000 lb. per sq. in. shear on the rivets. 

(2) The results of tests in which the shear on the rivets was com- 
pletely reversed were very inconsistent, and indicated that the fatigue 
strength of rivets under reversed stress may be as high as 30 000 or 
as low as 15 000 lb. per sq. in. shear on the rivets. 

(3) For the joints subjected to complete reversals of stress, the 
life of the rivets was much greater for joints with plates. having 
milled ends in contact so as to take compression by direct bearing 
than it was for joints for which the ends of the plates were not in 
contact. 

(4) The fatigue strength of high-strength bolts appreciably 
smaller than the holes in the plates was as great as that of well-driven 
rivets if the nuts were screwed up to give a high tension in the bolts. 


i See: eas 
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(5) There was some evidence indicating that, for specimens sub- 


jected to a complete reversal of stress, the life of the rivets or bolts 
of the joint will be short if the first few cycles of stress cause an 
appreciable slip. , 

(6) Specimens of balanced design, T:S:B ratio of 1.00 : 0.75 : 150, 
will fail in the plate if subjected to a cycle in which the stress is 
repeated but not reversed. 

(7) There is some evidence indicating that the ratio of the fatigue 
strength under reversed stress to the fatigue strength under repeated 
stress is less for the rivets than it is for the plates of a riveted joint. 

The tests that have been made of joints designed to fail in the 
rivets are valuable, primarily, as a guide in planning future investi- 
gations. The results obtained indicate that additional tests are needed 
to determine: mt 

(1) The effect of the number of rivets in a line in the direction 
of stress upon the fatigue strength of the rivets 

(2) The influence of the frictional resistance between the plates 
upon the fatigue strength of the rivets. Because the frictional re- 
sistance is affected by the condition of the surface of the plates as 
well as by the tension in the rivets, both of these factors should be 
studied 

(3) The factors that determine the tension in the rivets 

(4) The effect of the tightness of the fit of the rivets in the holes 
on the fatigue strength of the rivets 

(5) The relation between the grip of the rivets and their fatigue 
strength 


(6) The effect of fills upon the fatigue strength of the rivets ~ 


(7) The relative fatigue strength of carbon-steel and manganese- 
steel rivets 

(8) The relative fatigue strength of rivets and bolts 

(9) The effect of milled ends of plates in contact upon the fatigue 
strength of the rivets.in joints subjected to reversed loads j 

(10) The effect of the relation of the minimum to maximum stress 
in a stress cycle on the fatigue strength of the rivets 


12. Tests of Specimens Designed to Fail in Plate—The tests of 
specimens designed to fail in the plate were planned to determine the 
effect of each of a number of variables on the fatigue strength of the 
plates of a riveted joint. The variables studied include the following: 

(1) Relation between the maximum and the minimum stresses in 
a stress cycle 


(2) Relation of the unit rivet bearing to the unit plate tension 
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(3) Distance between rivets on a line perpendicular to the line 
of stress 

(4) Method of making holes—punching full size, sub-punching 
and reaming, and drilling from the solid 

(5) Plate material 

(6) Rivet material. 


The effect of each of these variables has not always been isolated 
entirely successfully through oversight of the influence of other vari- 
ables, and this has detracted from the value of some of the tests. To 
insure failure of the plate, the ratio of the unit shear on the rivet to the 
unit tension in the plate was made smaller, for the first specimens 
tested, than the value of this ratio usually used in structural design, 
because of the uncertainty of the fatigue strength of the rivets. The 


- specimens designed to fail in the plate that were designed after the 


tests to determine the fatigue strength of the rivets had been made 
have a ratio of the unit shear on the rivets to the unit tension in the 
plates more nearly in accordance with current practice. Another vari- 
able that should have received more consideration is the grip of the 
rivets. The grip apparently influences the initial tension in the rivets, 
especially at short grips, and the initial tension affects the relation 
between shear and slip. 

The values of the fatigue strength used in the study of the numer- 
ous variables are based on the results of the individual tests of the 
three identical specimens constituting a group. As stated in Section 
10, the fatigue strength has been taken as the maximum stress to 
which a member can be subjected 2 000 000 times without failure. 
If all of the tests of a group were consistent, the three points repre- 
senting the results of the three tests would fall on a smooth curve, 
and the point of intersection of this curve with the 2 000 000-cycle 
ordinate would represent the fatigue strength. Unfortunately the three 
tests of a group are not always consistent, and the three points repre- 
senting the three tests of a group do not determine a smooth curve, so 
it appeared desirable to use some other means of interpreting the 
results. 

Extensive tests of small carefully-machined specimens indicate 
that the left-hand portion of the S-N curve (stress-number-of- 
cycles-for-failure curve) can be represented by the empirical equa- 


tion* S = in which S is the maximum stress in the stress cycle, 


N®’ 


N is the number of cycles for failure, and B and K are experimentally 


*Univ. of Ill. Eng. Exp. Sta. Bul. 124, p. 92. 
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determined constants. Adopting the same equation for the S—N curve 
for the present investigation, the ordinate of the point in which this 
line intersects the 2 000 000-cycle ordinate is, by definition, the 
fatigue strength of the member tested. Letting this fatigue strength 
be represented by F, the fatigue strength as determined by a single 

is of i NS NO an equation following 
test is given by the equation Ff Raa re q 


directly from the relation S = a The experimental constant K in 


this equation should be such that the value of F is not affected by the 
unit stress used in a test. Since the equation is empirical, and the tests - 
of a group are not consistent, this requirement cannot be complied with 
exactly. Instead, a value was selected by a cut-and-try method that 
most nearly met this requirement, considering all of the groups of 
tests of the investigation.* The value of K thus determined, 0.10, was 
used in the expression for F in determining the fatigue strength from 
the results of individual tests for all specimens except the small 
machined specimens of Section 19. 

The three tests of a group are not always consistent with each 
other, and no method of interpreting the results can eliminate the in- 
consistencies; but it is believed that the method described is fairly 
satisfactory in giving to each test its proper value. The average of 
the values obtained from the three tests of a group is taken as the 
fatigue strength for the group. 

The stress range in a cycle is from zero to a maximum tension 
for all series except the ones given in Section 13. For the latter, the_ 
ratio of the minimum to the maximum stress is the variable being 
studied. 

The unit stresses in the specimens are computed on the following 
basis: 

The unit tension and compression in the plate are based on a net 
section through the rivet holes, the diameter of the holes being taken 
as 1.125 in. The thickness of the plates is taken as the actual meas- 
ured thickness. 

The unit shear on the rivets is based on the nominal diameter 
of the rivets. 

The unit bearing on the rivets is based on the nominal diameter 
of the rivet and the nominal thickness of the plate. 

The reader is referred to Appendix A for a further discussion of 
the unit stresses. 


*See Appendix B for a more complete discussion of this method. 
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Fic. 35. Specimens Usep 1n Tests to DererMINE Errect or RELATION 
Between MINIMUM AND Maximum Stresses IN Stress Cycie oN 
Fatigugk STRENGTH OF PLATES 


13. Effect of Relation of Minimum to Maximum Stress in Stress 
Cycle on Fatigue Strength of Plates——The tests of series B12 were 
planned to determine the effect of variations in the relation of the 
minimum to the maximum stress in the stress cycle on the fatigue 
strength of the plate. The details of the specimens are shown in Fig. 
35. The tension:shear:bearing (T:S:B) ratio for the specimens as 
originally fabricated, shown in Fig. 35a, is 1.0 : 0.40 : 0.84. The tests 
of the specimens designed to fail in the rivets indicated that rivets have 
a high fatigue strength, so the middle two rivets were drilled from 
several of the B12 specimens, thereby changing the T:S:B ratio to 
1.0 : 0.60 : 1.26, which is more nearly in line with the design of 
joints subjected to static loads. Some of the first B12 specimens tested 
broke through the bolt holes in the head. For this reason the width 
of the specimen at the joint was reduced, as indicated in Fig. 35, but 
the edge distance for the rivets was so small that only a small reduc- 
tion in width could be accomplished. The expedient was finally 
adopted of enlarging the holes in the pulling heads of the testing ma- 
chine and using turned bolts with a driving fit in the holes in the 
specimen but a loose fit in the pulling head. No specimen failed 
through the bolt holes in the head after this expedient was adopted. 

The results of the individual tests of the B12 series are given in 
Table 21. The unit stress in the stress cycle is given in columns 2, 3 
and 4, the number of cycles for failure in column 5, the fatigue 
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TABLE 21 


Errect of RELATION or MINIMUM TO MaxIMUM STRESS IN 
Stress CycLe on Faticue StRENGTH OF PLATES 


Fatigue | Failure — 


Cycles for Sn b 
; ength \ (Inside Plate 
Farlure J a Un/ess 


1/7. Noted) 
wf 


@ | @ | ol 
+30.0 10-30 


«] Bl2-11 \+250t0-28.0 | +142 t0-14.2 | +298 10-298 / 


7/ 


Average 19700 

Bay bow st 
Bl2-6| 010400 | 010159 | 010334 165 | 3/300 | intlead §3° 
aea | 30000 | ‘Khoo as 

J 1) FTO 
B/2-2| 0710 350 | 070/25 | Ofo 262 2. Pine =a 
1028 | 28100 
Fatled soo 
28 900 “7 panies 


284 
BlZ10| 0ta28.0| 010159 | 010333| 594 | 24900 


Average | 28600 


812-7 |+200t0+400 1244 | 38200 
BI2-8 | +225 +450 | +126 10252 | +264 101509 aes 4/ 600 
B 12-9 | +180 10 +360 iavoveae | zrenaes 2765 | 37300 : 


Average 39000 


Carbor-steel plates; I-inch carbor-steel rivets driven with ly - 
_arauiic riveting machirre; holes sub-ourched 2/7 and reamed to size, 


B/2-4| Of0 300 | O 10/79 | 010375 


Bl2-1 | 010 35.0 | 0 10/32 | Oto 278 


strength as given by the expression F = ee ke ate: in column ‘6, 
2 000 000* 
and the location of the initial cracks in the plate in column 7. The 
first group of four specimens was tested on a stress cycle in which the 
stress was completely reversed; the next group of five specimens was 
subjected to a stress that varied from zero to a maximum tension; and 
the last group of three specimens was subjected to a stress that varied 
from a maximum tension to a tension one-half as great. 
The specimens of the B12 series were the first of those designed 
for plate failure to be tested, and the technique of testing had not 
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been fully developed. Moreover, the number of cycles for failure 
was much less for the first tests than in later series, and there was 
some altering of the specimens. For these reasons the results have 
not been as consistent as could be hoped for. But the values of the 
fatigue strength obtained, the average for the group in each instance, 
are as follows: For a complete reversal, 19 700 lb. per sq. in.; for a 
stress varying from zero to a maximum tension, 28 600 lb. per sq. in.; 
and for a cycle in which the stress varies from a maximum tension 
to a tension one-half as great, 39 000 lb. per sq. in. 
Extensive tests of small machined specimens have resulted in the 
3 (FL) 
2—r 
rolled steel for various relations between the minimum and maximum 
stress in the stress cycle. In this expression (FL) is the endurance 
limit for a complete reversal, r is the ratio of minimum to maximum 
stress (r is negative for a complete or partial reversal) and (FL)’ is 
the endurance limit for any particular value of r. This expression 
was developed for small machined specimens and for the endurance 
limit (infinite number of reversals), and is not necessarily applicable to 
the fatigue strength of the plates of riveted joints. Nevertheless, it is of 
interest, in considering the fatigue strength for various ratios of mini- 
mum to maximum stress, to compare the values obtained from this ex- 
pression with the experimental values obtained from the tests re- 
ported in Table 21. The experimental values of the fatigue strength 
for the three stress ratios, —1, 0 and + %, given in the previous 
paragraph, are 19 700, 28 600 and 39 000 lb. per sq. in., respec- 
tively. The corresponding values computed by the use of the equation 


(FL)’ = ee with 19 700 as a base, are 19 700, 29 500 and 


39 400. The tests are limited in number so that the results cannot be 


considered final, but the small number of tests that have been made 


inl t 5 
show that the expression for the effect of the Sa Es ratio 


maximum stress 
on the fatigue strength, which was developed for small machined 
specimens, gives results that are in close agreement with the experi- 


mental results for riveted joints. 


expression* (FL)’ = for the endurance limit of forged and 


14. Effect of Unit Rivet Bearing on Fatigue Strength of Plates— 
The tests of Series B13, B14 and B15 were planned to determine the 
effect of variations in the unit rivet bearing on the fatigue strength 
of the plates. The details of the specimens are shown in Fig. 36. The 


*See “Materials of Engineering,” by Herbert F. Moore, page 55, Fifth Edition. 
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Fia. 36. SpeciMENS ror DETERMINING Errect or Unit River BEARING ON 
Faticur StreNcTH or Piares; First Series 


characteristics of all specimens are alike except the ratio of the unit 
bearing to the unit tension;* the values of this ratio are 0.97,. 1.29, 
and 1.94, for B13, B14, and B15, respectively. All plates and all 
rivets were of carbon steel, all rivet holes were sub-punched and 
reamed, and 1-in. rivets driven with a hydraulic riveting machine 
were used for all specimens. 3 
The results of the individual tests are given in the first part of 
Table 22, and the summary of the results are given in the first three 
lines of Table 23. The fatigue strength of the plates as determined 
from the data in Table 22, the average for each group, is given in 
column 5 of Table 23. The values of the fatigue strength, given 


in column 6, are 28 900, 29 900, and 25 700 lb. per sq. in. for 


it I ; 5 
ee ratios of 0.97, 1.29, and 1.94, respectively. 
unit tension 


The unit shear on the rivets of the specimens of the B13, B14, 
and B15 series was so small that very little slip was produced, and 
there is no evidence to indicate what effect increasing the bearing 
would have had if the shear on the rivets had been more in keeping 
with usual practice in structural design. A second series of tests was 


*The grip of the rivets varied somewhat, being 13 in., 114 in., and 114% in. for B13, B14 and 
B15, respectively. 
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TABLE 22 


Errect or Unit Bearing or Rivers on Fatigue STRENGTH OF PLATES ; 
REsutts or INprvipvat Trsts 


Stress Cycle 
pore thousarrds of 1k, per sq. in. 
[Tension 
Mm [-@ 


( 
813-2 | O70 330| 010128 | O08 27900 
513-3| 00 30.0\ 01/16 | 0rrza0 | Bz 


gia] oe 30 ores | ae 
B/4-2| O7033.0 | OrolZ3F | 010426 632 
B/4-3 | Oro 300\ OrolZ.2 (874 29 900 


5/I5-/ | 070 300| Ofol40 | 070580 250 


8IS-2| O10 250| OrollLé | 010485 | 3153 | 26200 |did rottay=4 
BIS-3 | O10 280| 010120 | 010543 | 2200. | 26500 
Average | 25700 
834-2 | Ofo 26.0 | O1019.3 | 010504 25800 
834-3 | Oto 270| Ot0207| 0036 | 1257 | 25800 


Average | 25900 


835-1 | 010270 | 010203 Ofo4é/ Seal 28500 |Didnotfailo oo 


835-2 | O07030.0 | O70 226 | 010469 1049 28 200 g 
835-3 | 010 28.0 | Oro 2.5 | 0104387 | 1046 26 300 6 


Average | 27700 


B36-/ | O7028.0 | 070208 | 010 65.8 26400 q 
836-2 | 010300 Oro 70.4 3/48 3/ 500 
29 800 


Cycles for 
Failure, 
thousands 


mc 


TF 


b 
Bi 


My 


Average 


Carborn-stee! plates; '-inch carbor-steel rivets driver with 
hydraulic riveting machine; holes sub-punched gin, ard reamed to size, 
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TABLE 23 


Errect or Unir Brarine or Rivets on Faticur STRENGTH OF PLATES; 
Summary or RESULTS 


Static Strength of Plate in 
Fatigue Strength 


ab Liat B Ib. per sq. in. of Plate in 

lb. per sq. in. 
Yield Point Ultimate 

(1) (2) (3) (4) (5) 

B13 1.00 0.97 34 200 62 150 28 900 

Bl4 1.00 :0.41:1.29 63 350 29 900 

B15 1.00 :0.47:1.94 39 625 64 050 25 700 

B34 £.00:5 0005.21 27% 34 930 63 520 25 900 

B35 1.00 :0.75:1.56 31 150 61 800 27 700 

B36 1.00 75 32.35 34 060 63 400 29 800 


unit shear 
unit tension 
ue ReBEIS pea had values of 1.17, 
unit tension 
1.56, and 2.35. The details of these specimens are shown in Fig. 37. 
Outside plates were added at the joints so that the grip of the rivets 
was 3 in. for all specimens. The results of the individual tests are 
given in the second half of Table 22 and the fatigue strength of the 
plates, the average value for each group, is given in the bottom three 
lines of Table 23. 
The results of these tests indicate that for joints with rivets having 


therefore made for which the ratio was constant and 


equal to 0.75, and for which the ratio 


a 3-in. grip and for which the eet. ratio is 0.75, increasing the 
poe ratio from 1.17 to 2.35 did not reduce the fatigue strength 


of the plates. Further, the joints with a rivet grip of 3 in. and a 
shear 


tension 


of plates as similar joints with a rivet grip of 13% in. and stones 
tension 


ratio of 0.42. This may have been due to the fact that the increase 
in grip increased the initial tension, thereby reducing the tendency 
to slip, whereas the accompanying increase in shear had a tendency 
to increase the slip, and the two changes nullified each other. For the 
tests show that the slip had approximately the same value for the 
B13, B14, and B15 series that it had for the B34, B35, and B36 series; 
and for all 18 tests of the six series the slip was small, having a 
maximum value of 0.0063 in. for B35-2 and a minimum value of 
0.0001 in. for B36-3 and B14-3. After the tests, the rivets of the B34, 


ratio of 0.75 had approximately the same fatigue strength 


ay pm ieee 
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Fic. 37. SPECIMENS FOR DETERMINING Errecr or Unit River BEARING ON 
Fatigue STRENGTH OF PLATES; SECOND SERIES 


B35, and B36 series were removed and the diameters of the rivets 
and holes were measured. The diameter of the rivets was found to 
be from 0.03 in. to 0.04 in. less than the diameter of the holes, and 
it is unlikely that the rivets really exerted much pressure on the 
edge of the plates, the joint resisting the shear almost entirely by the 
friction between the plates. 


unit bearing 


Although increasing the ratio for a riveted joint to 


unit tension 

2.35 did not affect the fatigue strength of the plates of the specimens 
tested, there is the possibility that if joints having rivets with a short 
grip also have a high unit shear and bearing the fatigue strength of 
the plate may be low. For the slip for all joints tested in these series 
was very small, and the actual bearing pressure was, probably, like- 
wise small. Additional tests were made to obtain further information 
relative to this question. The specimens of Series B8 and B39, shown 
in Fig. 38, were assembled with turned bolts, those for B8 having a 
driving fit, and those for B9 being a few hundredths of an inch smaller 
than the holes in the plates. For the latter, a slip of 0.03 in. to 0.04 in. 
developed early and the bolts bore upon the plate for most of the 
test. For the former, the bolt was of the same size and type and the 
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Fig. 38. Bottep SpecIMENS 


nut was drawn up in the same manner as for the latter. Moreover, 
what little slip there was developed early in the test in each instance. 
It appears probable, therefore, that the bolts -of Series B8 also bore 
upon the plates. The results of the individual tests are given in 
Table 24 and a summary of the results are given in Table 25. The 
fatigue strength of the plates was 22 000 and 21 200 lb. per sq. in. 
for B8 and B9, respectively. The static strength of the same plates, 
as determined by tests of control specimens, was 63 100 lb. per sq. 


TABLE 24 


Fatigue STRENGTH or Boirep SPECIMENS DESIGNED TO FAIL IN PLATES ; 
Resutts or Inpivinuau Trssts 


Fit of Stress Cycle 
Bolts 17 ye thousards of 10. Per sq. It? Failure, : 
Holes | Ne Shear thousands| "Sof 
ae @) 
88-1 O10 22 | 0104947 24600 
Be B8-2| 010250 0 to 380 


203) 070200 | Oro 148 2/72 | 20200 


Fi. 


Average | 22000 


Bolts | 89/| 012 250| 0710188 | 0 10390 2/600 

0.03 17. 

10 004 ir. 3 

Smaller) 072 | 910 500 Oro 469 23 100 
t2Q07 

Moles | g9-3| 0 to 200 010 13 19 300 


Average Bil OG) 


Turned bolts of medium grade steel, carbor-stee/. Plates 
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TaBLE 25 


FaticuEe STRENGTH OF BoLTEep Specimens DesiGNED To Fat IN PLATES; 
Summary or REsutts 


Static Strength 


. f 
EHRs an ed eae Fatigue Strength 
No Ratio Ib. per sq. in. of Plate 
; — lb. per sq. in. 
Yield Point Ultimate 
Sere one ce aos 1.00 30.73: 1.52 34 700 63 100 22 000 
Tight bolts 
Rees we techie 1.00 0.75 21.56 33 100 63 250 21 300 
Loose bolts 


in. for B8 and 63 250 lb. per sq. in. for B9. The T:S:B ratio was 
1.00 : 0.73::1.52 for B8 and 1.00:0.75:1.56 for B9. The only 
difference between the action of the bolted and riveted specimens that 
could be detected was that slip sufficient to produce actual bearing of 
the bolts occurred at the beginning of the test for all bolted specimens 
and did not occur at any time during the test of the riveted specimens. 
It would appear, therefore, that the conclusion relative to the effect 


(ea \ 

pad His 2 SSS 1 th 
Soe 1 
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‘ | 393” the : ah 3¢3"| . 403”, af | fhe 4@3" 
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Radius 67 Rivets Orilled Out 


+ Plate La, 3 2 Alate LED 
(a)- Specimens E/6-1, 816-2 & B16-3 (O)-Specimerns BI7-1, 617-2 & BI7-3 
Radius 4 Rivet Drilled Out tip 
ge hae R Carbor-steel plates and /-inch 
ae ome carbon-steel rivers 
ne Gt Holes sub-punched 3 inch and 
> 2 reamed to size. 
43” 73 ae 4 e3, | : Rivers drivers with hyaraule 
124 1/0" AG AD 9/0" Fle riveting machine. 


i Plate, : : FA gay, 


(c)-Specimers 818-1, BI8-2 & B18-3 


Fic. 39. SPECIMENS FoR DETERMINING EFFECT OF TRANSVERSE DISTANCE 
Berween Rivets on Faticun STRENGTH OF PLATES 


ek OR) Se ie a 
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TABLE 26. 


Errect or TRANSVERSE DistaNce BetTwEeHNn Rivets on Faticue STRENGTH 
or Puates; Resutts or INpivipuaL TEsTs 


Fatigue |, Failure 

Strength \(lnside Plate 
10, per Unless 

Noted) 


@ 


() 
Bl6-2 010116 | 0f0367\ 1395 | 24200 
BI63 Oto 362\| 1345 | 23/00 


Average 23 800 


id ooe 


Average | 24800 


518-1 | 010 330| Oto 144\ Oto 453 27500 
B18-2\ Oto 300\ O10 13.1 1089 | 28300 


Average 26 700 ~ 


Carbon-steel plates, (-inch carbon-steel rivets driver with hydraulic 
tivetihg machine; holes sub-ounched inch and reamed to size. 


of rivet bearing upon the fatigue strength of plates should be limited 
to the statement that: 


Increasing the nominal 


f 


DEIU Dea rateeiees 1.17 to 2.35 did 


unit tension 
not affect the fatigue strength of the plates in riveted joints for which 


the tension in the rivets was so great that the plates did not slip 
enough to bring the rivets into bearing. 


15. Effect of Transverse Distance Between Rivets on Fatigue 
Strength of Plates—The specimens shown in Fig. 39 were used in 
tests to determine the effect of the transverse distance between rivets 
on the fatigue strength of the plates. As originally fabricated each 
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TABLE 27 


& 
Errect or TRANSVERSE Distance BetwEENn RIvets on FAticue STRENGTH OF 


PLates; SUMMARY OF RESULTS 


Carbon-steel rivets, carbon-steel plates; one-inch rivets dri i ic riveti i 
“eee apes ate yaad btygo vith a hydraulic riveting machine; 


Strength of Plate Fatigue Strength of Plate 


Transverse Ib. per sq. in Ib. per sq. i 
4 i All. R q. in. 
Serie: oe id bok s Yad 5 ; : 
No. Setween Ratio 
in. ; Yield Unadjusted : Nie 
e : nadjuste or Static 
Point Ultimate Value Strength 
of Plate* 
(1) (2) (3) (4) (5) (6) (7) 
B16 7.00 1.00 : 0.47 :1.47 35 875 63 200 23 800 23 700 
es 4 875 1.00 :0.47:1.47 35 875 63 200 24 800 24 700 
18 3 625 1.00 :0.44:1.37 35 875 63 200 26 700 26 600 


*See footnote, Table 22. 


specimen contained six rivets, but the end two rivets were drilled out 


of each specimen of the B16 and B17 series, and one rivet was drilled 


from each specimen of the B18 series, so as to increase the unit shear 
and the unit bearing relative to the unit tension. The resulting 
T:S:B ratio is 1.00: 0.47: 1.47 for Series B16 and B17, and 
1.00 : 0.44 : 1.37 for series B18. The values of the transverse distance 
between rivets are 7.00 in., 4.875 in. and 3.625 in. for Series B16, B17, 
and B18, respectively. The results of the individual tests are given 
in Table 26, and the summary of the results are given in Table 27. 

The values given in Table 27, the average for a group in each 
instance, indicate that decreasing the transverse distance between 
rivets from 7.00 in. to 3% in. increased the fatigue strength of the 
plates from 23 700 db. per sq. in. to 26 600 Ib. per sq. in., an in- 
crease of 12 per cent. Although this difference is no greater than the 
difference among the individual tests of some groups, the smallest 
individual value for:the group with a 354-in. spacing equals the largest 
individual value for the group with a 7.00-in. spacing. But even though 
the difference may be considered significant, there is some uncertainty 
as to whether the difference in fatigue strength is due to the difference 
in the transverse spacing of the rivets or to some other cause. For there 
is some question whether a single line of rivets in a plate 7 in. wide is 
equivalent to a joint with several rivets in a transverse row spaced 
7 in. apart. Moreover, with four rivets in a line in the direction of 
stress the outer rivet may carry more than one-fourth of the total 
load, and this stress concentration at the section of failure might 


reduce the fatigue strength. 
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Fic. 40. Spectmens ror DerermMinina EFFECT oF MeEtTHOop oF 
Maxina Hores on Fatigue Strencru or PLates 


16. Effect of Method of Making Holes on Fatigue Strength of 
Plates ——Three groups of specimens were used in tests planned to de- 
termine the effect that the method of making holes has on the fatigue 
strength of the plates. Three kinds of holes were used: (1) Sub- 
punched 44-in. and reamed; (2) punched full size; and (3) drilled 
from the solid. Each of the three groups of specimens includes three 
combinations of plate and rivet materials, as follows: Carbon-steel 


a 
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TABLE 28 


Erect or MerHop or Maxine Horses on Faticue StreNcTH oF PLarEs; 
CarBON-STEEL Rivers AND CaARBON-STEEL PLATES 


ES oe Stress Cycle Fatigue | Failure 
ie ‘aking aoe ens of 1b, per sq. ir7. wir 34 (nside Plate ’ 
oles sein | Noted) 


7 


punched 
arr 
GE 
BI8-3| O10 Z8.0| Ofel22| OfroFas 24 200 


Average | 26 700 


Punched 
Full &/9-2| Oto 320| Oto 14.0 | O710440 28 700 
S/ze 


Average | 28 /00 


B20-1| 010 30.0 O1r0o4dl.2 | 23// 30 500 
Drilled 010330 | 010/44 | 010454 eer | 29 000 
OroGlS | Of018.8 | 010434 ra 29 200 


Average | 29600 | | 29 600 | 600 


/-inch rivets driven with hydraulic rivetiig machine. 


~ 
eo 
eo hee 


plates and carbon-steel rivets were used for the first group of speci- 
mens consisting of Series B18, B19, and B20; silicon-steel plates and 
carbon-steel rivets were used for the second group consisting of 
Series B21, B22, and B23; and silicon-steel plates and manganese- 
steel rivets were used for the third group consisting of Series B24, 
B25, and B26. All specimens, shown in Fig. 40, had 1- in. rivets driven 
with a hydraulic riveting machine. All specimens with carbon-steel 
rivets were geometrically identical; likewise, all specimens w1 ith man- 
ganese-steel rivets were geometrically identical. The former were 
originally fabricated with six rivets, but one rivet was drilled out of 
each specimen before the tests were made in order to increase the 
unit shear and the unit bearing on the rivets. The latter had four 


ss 


88 ILLINOIS ENGINEERING EXPERIMENT STATION 


TABLE 29 


Errecr or Meruop or Maxine Hoes on Fatigue STRENGTH OF PLATES; 
CarRBON-STEEL RIVETS AND SILICON-STEEL PLATES 


Method Stress Cycle Cycles for Fatigue Failure 

a ep Be SPC.) thousands of /b, per sg. in. \ Fz/lure, ng ies ( Lefty pedo 
eae thousands| "6%. | Nore) 
cm a) 


= B2l-1| Oto 900 | O71013.2\ Ote4/3 | 1526 | 29300 
bs 

punched 

alnch | Bél-2| 010830| Orel45 | 010484| 567 | 29200 

and 

Reamed | 9513) orogt5 | 010138 \ Oto 433 31 500 | |Pgnot ss 


Purrched 


S/ze 
B22-3| 0'1028.0| 010123 2367 | 28600 | |\[2 ner. 


Average | 27900 


Orilled | B23-2) 070310 | 010136 | 010426 27 400 
823-3| Ot0280 | 010122 | Oto F8.5 24600 


Average | 26600 
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a ee 
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rivets each. The T:S:B ratio was 1.00: 0.44: 1.37 for the speci- 
mens with carbon-steel rivets, and 1.00 : 0.48: 1.50 for those with 
manganese-steel rivets. 

The results of the individual tests are given in Tables 28, 29, and 
30, and a summary of the results is given in Table 31. The average 
values of the fatigue strength in lb. per sq. in. are 25 800, 25 900, 
and 26 400 for plates with holes sub-punched ¥4-in. and reamed, 
with holes punched full size, and with drilled holes, respectively. 
Since each value is the average of nine tests, the evidence is quite 
conclusive that, for the specimens tested, the method of making the 
holes did not affect the fatigue strength of the plates. It should be 
noted, however, that the plates are only 0.50 in. thick, and that the 
punched holes were 1444 in. in diameter. 


we i\vere *- 
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TABLE 30 | 


Errect oF MerHop or Maxine Houses on Fatiaus StrENGTH oF PuatEs; 
MANGANESE-STEEL Rivets AND Smticon-SrTreL PLATES 


Method Syress C 
yele Fatigue \ Failure 
ee i mee thousands of 1h per sg. i. \ Failure, \Sength \(nside Plate 
eee 2, 4 | 1. per Unless 
Sg. /72. Noted, 


thousands 
Z on 
50 


oe B24-/| Oto 26.6| OfolZ7 | Oto 399 24 200 
punched : 
ai sing 824-2'| O10 240)| OfollsS | Oto 36.0 1/9400 
(24a 
Reamed 
824-3| O70 2/0 Oro/00\ Ofo3l.4 99] /9 600 


Average | 2/1/00 


Punched 
Full |B252| Oto 240| Oro ll5 | 010 360 2/ 600 
Size 
gess| of0 210] 0 to 100 wig? | agooa | ea = 
22 300 


Average 


Drilled 010270 Oto 405 23400 4 
070240 Oro 36.0 6/7 2/ 400 : 
23700 


Average ; 


° 
Cx) 


2° 
c) 


Nl (SA Tedd 


l-lach rivets driven with hydraulic riyvetig macthire 


17. Relative Fatigue Strength of Carbon-Steel and Silicon-Steel 
Plates——The tests described in Section 16 were planned to give also 
the relative fatigue strength of carbon-steel and silicon-steel plates. 
The data of Table 31 are rearranged in Table 32 for this latter study. 
According to this table, the fatigue strength of the plates connected 
with carbon-steel rivets was 28 100 lb. per sq. in. and 28 200 lb. per 
sq. in. for carbon-steel and silicon-steel plates, respectively. Each of 
these values is the average of nine tests. It would appear, therefore, 
from the tests reported in Table 32, that carbon-steel plates and 
silicon-steel plates have the same fatigue strength when connected 
with carbon-steel rivets. 

The tests reported in Table 32 also indicate that the fatigue 
strength of silicon-steel plates was very much less when connected 


Errect or Metuop or Maxine Howes on Fatigue STRENGTH OF PLATES; © 


Method of 
Making 
Holes 


(1) 


Sub-punched 
Y4-in, and 
reamed 


Punched . 
full size 


Drilled 


The T : 5 : B ratio is 1.00 : 0.44 : 1.38 for B18 to B23 and 1.00 : 0.48 : 1.50 for B24, B25, and B26. 


with manganese-steel rivets than when connected with carbon-steel 
rivets. The value for the former was 22 400 Ib. per sq. in., and for 
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TABLE 31 


SuMMARY oF RESULTS 


Kind of Steel in 


Rivets 


Strength of Plate 


| | | | | OO 


Carbon 
Carbon 
Manganese 


Carbon 
Carbon 
Manganese 


Carbon 
Carbon 
Manganese 


the latter 28 200 lb. per sq. in, 


nine tests. 


Because of the commercial importance of the relative fatigue 
strength of carbon-steel and silicon-steel plates, it seemed desirable 
to make additional tests of specimens made of the two kinds of plate = 


Carbon 
Silicon 
Silicon 


Carbon 
Silicon 
Silicon 


each value being the average of 


TABLE 32 


ReEwuativE Fatigue StrencrH or CarBon-STeEL AND Srnicon-STEEL PLatEs; 
First SERIES 


Ib. per sq. in. 
Yield Ultimate 
Point Strength 

(5) (6) 
35 875 63 200 
50 750 90 425 
49 850 91 000 

Average 
36 100 63 625 
50 750 90 425 
49 850 91 000 
Average 
36 100 63 625 
50 750 90 425 
49 850 91 000 
Average 


a 


Carbon-steel rivets and carbon-steel plates 


Carbon-steel rivets and silicon-steel plates 


Materials 


Manganese-steel rivets and silicon-steel plates. ... 


Series No. 


B18 

B19 

B20 
Average 


B23 
Average 


B24 

B25 

B26 
Average 


~~ 


Fatigue 
Strength of 
Plate 


lb. per sq. in. 


(7) 


Fatigue Strength / 


lb. per sq. in. 
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Fic. 41. SPECIMENS FOR DETERMINING RELATIVE FATIGUE STRENGTH OF 
CARBON-STEEL AND SILICON-STEEL PLATES 


material. The specimens used in the second series are shown in 
Fig. 41a. The plates of the B7 specimens were of carbon steel and 
those of the B10 specimens of silicon steel. 

All specimens were geometrically identical, all had 1-in. carbon- 
steel rivets driven with a hydraulic riveting machine, and the holes 
for all specimens were sub-punched 14-in. and reamed. The T:S:B 
ratio was 1.00: 0.72: 1.50. The static strength of the control speci- 
mens was 62 875 lb. per sq. in. and 88 800 lb. per sq. in. for the 
carbon steel and silicon steel, respectively. The results of the indi- 
vidual tests are given in Table 33. The fatigue strength of the plates, 
the average of three tests in each instance, was 23 900 lb. per sq. in. 
and 23 300 lb. per sq. in. for the carbon steel and the silicon steel, 
respectively. 

The grip of the rivets for all of the specimens described in the pre- 
ceding paragraphs of this section was small, being 114 in. for Series 
B18 to B26, inclusive, and 1% in. for Series B7 and B10. Because 
increasing the grip of short rivets increases the initial tension in the 
rivets, a third series of tests to determine the relative fatigue strength 
of farione steel and silicon-steel plates was planned for which the 
grip of the rivets was 434 in. All specimens, shown in Fig. 41b, were 
geometrically identical, all had 1-in. rivets driven with a hydraulic 
riveting machine, and the holes for all specimens were sub-punched 
and reamed. The T:S:B ratio was 1.00 : 0.72 : 1.50. The plate-and- 


5 


; 
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“ 
TABLE 33 


~ 
Revative Fatigue STRENGTH OF CARBON-STEEL AND SILICON-STEEL PLATES; 
Seconp SERIEs 


SKESS Cycle Cycles for Fatigue Fatlur ¢ 
Da ate || SPE thousands of Ik. per sq. in. faire. wih a” ( Cee ies 
cree O° [Rension | shear [Bearing |thousands| "Sglin_| Noted) 
Z @) 


01022 | 010 450 24900 Vf ke 
Carbon 0 10 28.0 0 to 42.0 23900 | [#4 


Average | 23900 


stor 2310 


Average 23 300 
7.S.8. ratio 1.00:0.72:1.50. 


l-inch carbon-steel rivets driven with hydraulic riveting machine; holes 
sub-punched 4 inch and reamed to size. 


rivet material combinations were as follows: B27, carbon-steel rivets 
and carbon-steel plates; B28, carbon-steel rivets and _ silicon-steel 
plates; B29, carbon-steel rivets and nickel-steel plates; and B30, 
manganese-steel rivets and silicon-steel plates. The results of the 
individual tests are given in Table 34. 

Consider the specimens with carbon-steel rivets; the fatigue 
strength of the plate was 25 900 lb. per sq. in. for the carbon-steel 
plates, 25 600 lb. per sq. in. for the silicon-steel plates, and 26 700 
lb. per sq. in. for the nickel-steel plates, the values being the average 
of three tests in each instance. The static strength of the control 
specimens was 63 600 lb. per sq. in., 80 200 lb. per sq. in., and 99 000 
Ib. per sq. in. for the carbon steel, silicon steel, and nickel steel, 
respectively. 

All three series of tests planned to show the relative fatigue 
strength of carbon-steel and silicon-steel plates gave the same results, 
namely, that the fatigue strength of plates of the two materials are 
very nearly the same, even though the static strength is very much 
greater for the silicon steel than it is for the carbon steel. 

Consider the specimens of the third series having silicon-steel 
plates. Those with manganese-steel rivets had a somewhat greater 
fatigue strength than those with carbon-steel rivets, a relation the 
reverse of that reported in Table 32. The rivets of the third series 
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TABLE 34 


Retative Fatigue StRENGTH oF CARBON-STEEL AND SILICON-STEEL PLATES; 
Tuirp Series. Resuvts or Inpivinuat Trusts 
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‘ Average 25 900 
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, Average 25 600 
stee 
Rivers 
avrg =\829-2| 010270 | Orol94 | Oro 405 28 200 
Micke/- 
sfee/ 


Average 26 700 


Mangat-\ 830-/| 010360 | O1e262 | 0 to54/ 406 | 30800 
ese-stee/ 
Rivets 
and B30-2| 070330 | Oro@38 | 010494 G48 27 800 
Si/icor- 
stfee/ 
Plates |8303| 010270 | 071019.5 | 010406| 840 | 24800 


Average 27 800 


l-inch rivets driven with hydraulic riveting machine; holes sub-purrched 


wo oo ° 0 ° 
2° °° 


¢ inch and reamed to size. 


had a long grip, and the tension in the rivets was probably greater 
for the manganese-steel than for the carbon-steel rivets, a condition 
the reverse of what is believed to have existed for the tests reported 


in Table 32. 


18. End Distance for Rivets Subjected to Repeated Loads.— 
Specimens B1-1, B1-2, and B1-6, shown in Fig. 31c, all failed by the 
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TABLE 35 


RELATION BeTwEEN END DIstaNce or RIvETS AND FATIGUE 
STRENGTH OF PLATES 


End Stress Cycle ; “ 

Distance, 3 thousands of lb, per sq. 172. Failure, 4 

inches | Ne phowsaras| “sdin® : 
7 Ca 


175 0 to 350 | Oto 731 68 200 


Average 68 200 


Ora l27 | 010300 | Oro ees] iia 6/ 700 
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to 
te 


ae ees eee eS , 


225 010350 | 010730\ 2087 | 73500 


Average 72 400 


2.50 0710149 | 01035.0| O10 729 2089 


Fail o 


Ss 
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LLL. 


Average 66 200 
7T:S‘8 ratio is 100:2.35:4.90. 
Carbon-steel plates and /-inch carkon-steel rivets driven with hydraulic 
riveting machire; holes sub-punched ¢ inch and reamed to size. 
*Fatigue strength in bearing. 


rivets tearing out to the end of the plate. This suggested the desira- 
bility of making a series of tests to determine the effect of varying 
the end distance of the rivets on the fatigue strength of the plates. 
The specimens, shown in Fig. 42, were identical except for the end 
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Fic. 42. SpecIMENS ror DETERMINING RELATION BETWEEN ENpD DISTANCE OF 
Rivets AND Fatigue StreNcTH oF PLATES 


distances. The materials were carbon-steel rivets and carbon-steel 
plates, the static strength of control specimens for the latter being 


_ 62 450 lb. per sq. in. The 1-in. rivets were driven with a hydraulic 


riveting machine, and the holes were sub-punched 4 in. and 


bearing 


reamed. The ratio for these specimens was 2.10, a value con- 


shear 

sistent with present design practice. The results of the individual 
tests are given in Table 35. The failure was by tearing out of the 
rivet to the end of the plate for all specimens, and appears to have 
been caused more by a high unit bearing of the rivets than by a high 
average unit tensile stress on the net section. For this reason the 
fatigue strength is expressed in terms of unit bearing rather than unit 
tension. The corresponding fatigue strength in terms of unit shear or 
unit tension can, however, be obtained from the T:S:B ratio given 
at the bottom of Table 35. The values of the fatigue strength in lb. 
per sq. in. bearing, the average of three tests in each instance, were 
68 200, 66 800, 72 400, and 66 200 for end distances of 1.75, 2.00, 
2.25, and 2.50 in., respectively. It would appear, therefore, that the 
fatigue strength of the specimens shown in Fig. 42 was not affected 
by the end distance of the rivets. 

It has been assumed in the previous paragraph that the failure of 
the specimens shown in Fig. 42 was due primarily to the high unit 
bearing between the rivet and the plate and not primarily to the 
tension on the net section. This assumption is supported by the fact 
that the average tension corresponding to the fatigue strength was 
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Fig. 43. SpecIMENS FOR DETERMINING TEARING STRENGTH OF PLATES 
Sussecrep TO REPEATED Loaps; RivETED SPECIMENS 


low, 13 000 lb. per sq. in., and by the fact that the direction and 
position of the cracks in the plate, shown in column 8 of Table 35, 
appear to be independent of the end distance. A second series of tests, 
described in the following paragraph, was planned to give additional 
information relative to the tearing strength of plates. 

The specimens, shown in Fig. 43 were of silicon-steel plates con- 
nected with 1-in. manganese-steel rivets driven with a hydraulic 
riveting machine. All holes were sub-punched 4 in. and reamed, and 
the T:S:B ratio was 1.00 : 1.56 : 3.93. The results of the individual 
tests are given in Table 36. The test of B11-2 was discontinued 
before failure so it was not included in the average. The fatigue 


TABLE 36 
TEARING STRENGTH or PLATES UNprer Repeatep Loaps 


Siress Cycle Cycles for \ Fatligoe | Fate 
Spec. | thousands of |b. per sq. 1. Pills. Strength \(/nside Plate 


No. 10. per Urless 
Shear fe cana 2. “ Noted) 


CZ 


/4 500 
ait | 010188 | 010 300 reais eee 
% /O0 800% ; ; 
BIl-2 | Ofo 10.6 | Oro 200 | Oto 4/8 Beast 42 600+ Did not Fat/. 


/2600 
/- 3 if 
Bil-3 | 010132 | O10 250| O10 524) 1260 | AO’ (See 
/3 600+ 
53.900 


* Upper values are tersion, lower values are bearing. 

t Fatigue strength somewhat greater than values given, as specimen 
aid not fall at 2378000 cycle of stress 

+ Corresponding value tor shear ts 25 800. 

Silicor-steel plates, |-iach mangarese-steel rivets 


Average of B1l-/ and &//-3° 
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. strength of B11-1 and B11-3, the average of the two tests, was 13 600 
_ Ib. per sq. in. average tension over the net section of the plate, or 
53 900 lb. per sq. in. bearing on the rivets. It is of interest to note 
in comparing the averages of the values of the fatigue strength given 
in Tables 35 and 36, that the fatigue strength in bearing was 67 400 
Ib. per sq. in. and 53 900 lb. per sq. in. for carbon-steel plates and 
silicon-steel plates, respectively; and that the corresponding values 
of the fatigue strength in tension were 13 700 lb. per sq. in. and 
13 600 lb. per sq. in. That is, the carbon-steel plates with a limited 
end distance, 134 in. to 24% in., but connected with carbon-steel rivets, 
had as great a fatigue strength as the silicon-steel plates with a large 
end distance but connected with manganese-steel rivets. Only two 
tests of silicon steel plates are available, however, for these averages. 

The bolted specimens of Fig. 32 failed in the bolts, but they are 
of interest in studying the tearing of plates because of the high unit 
bearing of the bolts on the edges of the plates. All specimens were 
made of carbon-steel plates bolted together with a single 114.-in. 
turned bolt of high-strength steel* in 114,-in. drilled holes. The bolts 
were equipped with steel pins for measuring changes in tension, and 
the nuts for the bolts were tightened to give a nominal tension in the 
bolts of 30 000 lb. per sq. in. for the B39 specimens, 20 000 lb. per sq. 
in. for the B40 specimens, and 10 000 lb. per sq. in. for the B41 speci- 
mens. The actual measured values of the tension in the bolts are 
given in Table 18. The yield point and ultimate strength of the, plate 
as given by static tests of control specimens were 32 550 and 62 450 
bearing 
tension 
distance of the rivets so great, 6.75 in., that it is believed that fatigue 
failure was due primarily to the high unit bearing on the rivets. The 
results of the individual tests, insofar as they relate to the effect upon 
the plate, are given in columns 7, 8, and 9 of Table 18. Comments 
relative to these tests are given in the following paragraphs. 

Tests were made on a stress cycle in which the bearing of the 
bolt varied from 0 to 100 000 lb. per sq. in. for specimens having 
nominal bolt tensions of 30 000, 20 000, and 10 000 lb. per sq. in. 
Taking the increase in the plate thickness of B39-1 (bolt tension 
31 700 Ib. per sq. in.) at the end of 3 104 000 cycles as 100, the in- 
crease in the plate thickness of B40-1 (bolt tension 19 400 lb. per sq. 
in.) was 185 at the end of 281 000 cycles, and the increase in the 
plate thickness of B41-1 (bolt tension 9 430 lb. per sq. in.) was 246 


Ib. per sq. in., but the ratio was so large, 10.9, and the end 


*See footnote page 64. 
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at the end of 198 000 cycles. Taking the elongation of the bolt hole 
of B39-1 at the end of 3 104 000 cycles as 100, the corresponding 
elongation of B40-1 at the end of 281 000 cycles was 91, and that of 
B41-1 at the end of 198 000 cycles was 80. Specimens B40-2 (bolt 
tension 20 600 lb. per sq. in.) and B41-1 (bolt tension 9430 lb. per 
sq. in.) both developed cracks in the plate through the bolt hole, 
B40-2 at 1 108 000 cycles in which the bearing varied from 0 to 
80 000 Ib. per sq. in., and B41-1 at 198 000 cycles in which the bear- 
ing varied from 0 to 100 000 lb. per sq. in. In contrast with this, none 
of the B39 specimens (nominal tension 30 000 Ib. per sq. in.) de- 
veloped cracks in the plates. The maximum bearing for the stress 
cycle and the number of cycles to which the specimens were sub- 
jected without plate failure for the latter, are as follows: B39-1, 
100 000 lb. per sq. in., 3 104 000 cycles; B39-2, 150 000 lb. per sq. in., 
153 000 cycles; and B39-3, 125 000 Ib. per sq. in., 194 000 cycles. 

For those specimens for which the test was discontinued before 
the bolt was either bent or broken, the tension remaining in the bolt 
was measured at the end of the test. For B39-1 the tension in the 
bolt dropped from 31 700 lb. per sq. in. to 25 000 Ib. per sq. in. after 
3 104 000 cycles in which the bearing varied from 0 to 100 000 Ib. 
per sq. in.; for B40-3 the tension dropped from 20 330 Ib. per sq. in. 
to 8940 Ib. per sq. in. after 4 153 000 cycles in which the bearing 
varied from 0 to 70 000 lb. per sq. in.; and for B41-3 the tension 
dropped from 10 315 lb. per sq. in. to 6660 lb. per sq. in. after 
3 704 000 cycles in which the bearing varied from 0 to 60 000 lb. 
per sq. in. 

The plates of B40-3 (bolt tension 20 330 Ib. per sq. in.) and of. 
B41-3 (bolt tension 10 315 Ib. per sq. in.) were not upset even though 
the former was subjected to 4 153 000 cycles in which the bearing 
varied from 0 to 70 000 Ib. per sq. in., and the latter to 3 704 000 
cycles in which the bearing varied from 0 to 60 000 lb. per sq. in. 

It is apparent from these tests that increasing the tension in the 
bolts of a bolted joint from 10 000 Ib. per sq. in. to 30 000 lb. per 
Sq. in. increases the fatigue strength of both the bolts and the plates. 


19. Effect of Geometrical Properties of Specimens on Fatigue 
Strength of Structural Steel—It is well known that surface imperfec- 
tions and sudden changes in section act as “stress raisers” and affect 
the fatigue strength of a specimen if the latter is based on the 
average stress at the section of failure, the universal custom. It ap- 
peared desirable, therefore, to make tests to determine the fatigue 
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strength of structural steel using specimens of various geometrical 
forms. The specimens used include plates with mill scale on the two 
sides but with no holes or connections, and with machined edges as 
shown in Fig. 44a; plates with mill scale on the two sides, a 1%-in. 
drilled hole and machined edges, as shown in Fig. 44b; and small 
carefully-machined round specimens, as shown in Fig. 45. There was 
one group of specimens made of carbon structural steel, a similar 
group made of silicon structural steel, and a third group made of 
nickel structural steel. The results of the individual tests are shown 
in Tables 37, 38 and 39. 

The small carefully-machined round specimens were tested by 
Professor H. F. Moore, using a Moore-Krouse machine* equipped for 
eycles of direct axial stress. With this machine, repeated load is ap- 
plied to the specimen by means of an adjustable-throw cam and a 


1; S" Radius, 
gin, US. Sta. Tha. Q175 "Nominal 


Fig. 45. Smart CAREFULLY-MACHINED SPECIMEN 


*This machine is described in detail on pages 7, 8, and 9 of Bulletin 264 of the University 
of Illinois, Engineering Experiment Station. 


i ee | 


a ~ — i 2 ae 


100 ILLINOIS ENGINEERING EXPERIMENT STATION 


TABLE 37 ~ 


Faticus StreNeTH or Piates WitnH Mii Scare on Two Sines 
BuT WitH NeirHEeR Houes nor JOINTS 


. Stress Cycle Fatigue | cy racher. 
ee. Spec. ages ’ oi os Strengtt oF 
Stee/ No.” | oF nl sh ”) thousands gt Failure 

Zz 3) (4) (Ss) (6) 
B37-/ O 70 30.0 FOIO 3/1400 | Did not Fail 


Carbor | 837-2 O 70 F40 RET GO800 
BOTS 0 10 32.0 655 28700 


a 

cals ulin Nein 

eee 

fee a 
Average | 30300 

= oe 

//26 Si 1OG NE, oe 

= 

1312 SE SOU | sepyne eel 

4205 36700 |\Did not Fail 


Average 35 800 


1798 37600 
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BS37-/ O 70 36.0 


Silicon | 8S37-2| 0 to 38.0 


BS37-3 O to 340 


8BN37-/ 0 0 38.0 


Nickel |8N37-2| O ro 44.0 


BN37-3| Oto 4/0 994 38 200 


Average | 39500 


lever, at the rate of 1000 cycles per minute. The load is measured 
by means of the elastic deformation of a steel ring. 

The values of the fatigue strength determined from an S-N 
diagram on a logarithmic field, reported by Professor Moore, were 
47 000 lb. per sq. in., 56 000 lb. per sq. in., and 74 000 lb. per sq. in., 
respectively, for carbon steel, silicon steel, and nickel steel. 

A summary of the results of the tests on specimens of various 
types is presented in Table 40. The values of the fatigue strength of 
the plates of the riveted joints are the averages of the values for 
series B27, B28, and B29 only. The reason for considering only these 
specimens is that, by so doing, the specimens with various plate ma- 
terials are geometrically identical. It is of interest to. note that the 
fatigue strength of a plate with mill scale on the two sides is only 
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TABLE 38 
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two-thirds as great as the fatigue strength of a machined-and-pol- 
ished specimen. Drilling a hole in a plate still further reduces the 
fatigue strength, but the fatigue strength of a plate of a riveted joint 
is greater than the fatigue strength of a similar plate containing an 
open hole. The ratio of the fatigue strength to the static strength is 
considerably smaller for silicon-steel and nickel-steel plates than it 
is for carbon-steel plates for all specimens except those that are 


machined and polished. 
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20. Summary; Static Tests—The static tests described in Sec- 
tions 3 to 8, inclusive, appear to justify the following conclusions: 
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TABLE 39 © 
Fatigue STRENGTH oF STRUCTURAL STEEL; SMALL MAcHINED AND 
Po.isHED SPECIMENS 
Tests by Professor H. F. Moore 


Stress Cycle in 1000 


i Cycles for 
Kind of Specimen Ib. per sq. in. pb aa 
Steel No. 1000’s 
Actual Cycle Equivalent Cycle 
(1) (2) (3) (4) (5) 
Carb: 273 0 to +55.9 0 to 55.9 271 
ee 274 0 to +50.0 0 to 50.0 522 
275 0 to +48.4 0 to 48.4 1 747 
276 +0.6 to +46.5 0 to 46.2 2 040* 
277 0 to +45.5 0 to 45.5 5 640* 
‘ Fatigue strength 47 000 Ib. per sq. in. 
Silicon 283 +0.4 to +68.3 0 to 68.1 105 
284 0 to +61.6 0 to 61.6 956 
285 +0.9 to +54.1 0 to 53.7 1 444 
286 +1.5 to +52.0 0 to 51.2 5 165* 
287 +0.6 to +46.3 0 to 46.0 3 096* 
Fatigue strength 56 000 lb. per sq. in. 
Nickel Ww2 +1.0 to +75.0 0 to 74.5 419 
W3 +1.0 to +78.0 0 to 77.5 553 
Ww4 +1.0 to +83.0 0 to 82.5 226 
W5 +1.0 to +71.0 0 to 70.5 3 092* 
W6 +1.0 to +73.5 0 to 73.0 3 045* 


Fatigue strength 74 000 lb. per sa. in. 


EE eee 
*Did not fail. 


(1) The initial tension in one-inch rivets was greater for those 
with a 5-inch than for those with a 3-inch grip, but the difference is 
much greater for the manganese-steel than for the carbon-steel rivets. 
The initial tension was slightly less for rivets driven with a pneumatic 
hand riveting hammer than it was for those driven with a hydraulic 
riveting machine, the difference, the average of 18 tests in each in- 
stance, being 3.2 per cent. All rivets of a group with a 5-inch grip 
were very consistent, the average initial tension being approximately 
35 000 lb. per sq. in. for the carbon-steel, and 38 000 Ib. per Sq. in. 
for the manganese-steel rivets. The average initial tension in the 
carbon-steel rivets was 13 per cent less for rivets with a 3-inch grip 
than for those with a 5-inch grip; for manganese-steel rivets the cor- 
responding difference was 42 per cent. Moreover, the manganese- 
steel rivets with a 3-inch grip were very inconsistent, one rivet having 
an initial tension of only 12 000 lb. per sq. in., whereas the lowest 
individual value for a carbon-steel rivet with a 3-inch grip was 
23 300 lb. per sq. in. The lowest individual value for rivets with a 


—) 


- 


22 ane aA ‘ 
[GUE TESTS OF RIVETED JOINTS 


_Fatieus Srrenera or Strucrura Sree, as DererMinep By Tests or VARIOUS 
; TypEs oF SPECIMENS 


a —————— 


Strength Ratiolof noe of 
Fatigue atigue 


Ib. per sq. in. Strength to 
ie etrepeth Fatigue 


Static Strength of 


Polished 
Strength Speciment 


i" 


Static Fatigue* : 


Carbon steel 


ee ae ee. 


Silicon steel 
ee 
Round, machined and polished............ 81 700 56 000 0.69 A 
Plate with mill scale on two sides.......... 80 800 35 800 0.44 0164 
Plate with mill scale on two sides and 1% in. 

drilled hole... . enuniwk hea eaa et Bec fr. cso 80 800 23 900 0.30 0.43 
Plates of riveted joints. .................. 80 200 25 600 0.30 0.43 


Nickel steel 


Round, machined and polished............ 99 000 74 000 0.75 1.00 
Plate with mill scale on two sides.......... 99 000 39 500 0.40 0.53 
Plate with mill scale on two sides and 1 %-in. 

ried nolGueree ap eter ee den bow as 99 000 24 300 0.25 0.33 
Platesiot riveted joints. -<... 350.65 ecnaes 99 000 26 700 0.27 0.36 


*Stress Cycle: Zero to maximum tension for all specimens; average for three tests except for 
round, machined, and polished specimens; for the latter the values are the averages of four or more 


specimens. 
_ Corrected for variations in the strength of the steel on the basis that, for a given kind of steel, the 
fatigue strength of a machined and polished specimen varies as the static strength. 


d-inch grip was 32 580 lb. per sq. in. for a carbon-steel rivet, and 
32 880 lb. per sq. in. for a manganese-steel rivet. 

(2) The physical properties of the material in driven rivets dif- 
fered materially from the corresponding properties of the rivet rods 
from which the rivets were made. For carbon steel, the unit ultimate 
tensile strength was 15 per cent greater and the yield point was 22 
per cent greater for the driven rivet than for the rivet rod; for the 
manganese steel the difference in the values of the ultimate strength 
was 19 per cent. These increases in strength due to driving were ac- 
companied by a reduction in ductility but, except for one manganese- 
steel rivet, all driven rivets had a fair ductility. 
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(3) The hardness of the driven rivets was more nearly uniform 
for the carbon steel than for the manganese steel. For long carbon- 
steel rivets the hardness of the head and of the shank were nearly the 
same, for long manganese-steel rivets the heads were harder than the 
shanks. For short rivets, whether of carbon or of manganese steel, 
the shanks were harder than the heads. 

(4) The shear required to produce slip between the plates of a 
riveted joint increases with the grip up to a grip of 3 inches or 4 
inches for joints having a small number of one-inch rivets. For 
joints having carbon-steel rivets in single shear and with a grip of 
1.25 in., the shear required to produce a slip of 0.001 in. was nearly 
the same for all specimens, and the average value for 17 specimens 
was 18 350 lb. per sq. in. For similar specimens with manganese- 


} 


; 


steel rivets the shear required to produce the same slip, the average of 


21 tests, was only 13 730 lb. per sq. in. Moreover, the variations 
for the individual tests were very large, one specimen having a slip 
of 0.001 at a shear of less than 6000 lb. per sq. in. 

For another series in which the one-inch rivets were in double 
shear, and for which the grip was 1.5 inch, the shear required to pro- 
duce a slip of 0.001 inch was 16 775 lb. per sq. in. for the carbon-steel 
rivets, and 14 050 lb. per sq. in. for the manganese-steel rivets. The 
lowest single value was 15 700 lb. per sq. in. for the carbon steel, and 
12 000 lb. per sq. in. for the manganese steel. 

For a third series in which the one-inch rivets were in acable shear, 
‘and for which the grip was 3.25 in. or more, the shear required to pro- 
duce a slip of 0.001 inch was 24 800 lb. per sq. in. for the carbon-steel 
rivets, and 24 700 lb. per sq. in. for the manganese-steel rivets. THe 
lowest single value was 22 200 lb. per sq. in. for the carbon steel, and 
23 400 Ib. per sq. in. for the manganese steel. 

(5) The unit shearing strength of driven rivets developed by short 
rivets in lap joints, based on a rivet diameter equal to the diameter 
of the rivet hole, is very nearly the same as the strength in single 
shear of the rivet rod. The unit strength based on the nominal di- 
ameter of the rivet is much greater than the strength of the rivet rod. 
For joints with long rivets which do not fill the holes, the unit strength 
of the rivets in double shear, based on the nominal diameter of the 
rivet, is greater than the strength in double shear of the rivet rod. The 


unit shearing strength of driven rivets is much more uniform for — 


carbon-steel than it is for manganese-steel rivets. 
(6) The unit tensile strength of the plates of small riveted joints, 
based on the net section through the rivet holes, is greater than the 
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unit tensile strength of standard control specimens cut from the same 
“plate. The difference was 14 per cent for carbon-steel, and 9 per cent 
for silicon-steel plates, the transverse distance between rivets being 
3% diameters of the rivets. 


| 


} 21. Summary; Fatigue Tests of Specimens Designed to Fail in 
_ Rivets—tThe term, fatigue strength of the rivets of riveted joints, as 
used in this bulletin, is defined as the maximum unit shear to which 

_the rivets can be subjected 2 000 000 times without failure, and the 
stress in the stress cycle varies from 0 to a maximum unless otherwise 

stated. It should be noted that the unit shear is the nominal shear as 
explained in Appendix A. For all the specimens the rivets have a 
nominal diameter of one inch and are in double shear. 

Because the results of the tests to determine the fatigue strength 
of the rivets of a riveted joint are so inconsistent, no definite con- 
clusions can be formed from them. Instead, only very general state- 
ments will be made relative to the results. These statements are as 
follows: 

(1) The results of tests in which the shear on the rivets was 
repeated but not reversed were fairly consistent, and indicate that the 
fatigue strength of rivets under repeated stress is of the order of 
30 000 Ib. per sq. in. shear on the rivets. 

(2) The results of tests in which the shear on the rivets was com- 
pletely reversed were very inconsistent, and indicated that the fatigue 
strength of rivets under reversed stress may be as high as 30 000 or 
as low as 15 000 Ib. per sq. in. shear on the rivets. 

(3) For the joints subjected to complete reversals of stress, the 
life of the rivets was much greater for joints with plates having milled 
ends in contact so as to take compression by direct bearing than it was 
for joints for which the ends of the plates were not in contact. 

(4) The fatigue strength of high-strength bolts, appreciably 
smaller than the holes in the plates, was as great as that of well- 
driven rivets if the nuts were screwed up to give a high tension in 
the bolts. 

(5) There was some evidence indicating that, for specimens sub- 
jected to a complete reversal of stress, the life of the rivets or bolts 
of the joint will be short if the first few cycles of stress cause an 
appreciable slip. 

(6) Specimens of balanced design, T:S:B ratio of 1.00 : 0.75 : 1.50, 
will fail in the plate if subjected to a cycle in which the stress is 
repeated but not reversed. 


s 
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(7) There is some evidence indicating that the ratio of the fatigue 
strength under reversed stress to the fatigue strength under repeated 
stress is less for the rivets than it is for the plates of a riveted joint. 


The tests that have been made of joints designed to fail in_ the 
rivets are valuable, primarily, as a guide in planning future investiga-_ 
tions. The results obtained indicate that additional tests are needed 
to determine: 

(1) The effect of the number of rivets in a line in the direction of j 
stress upon the fatigue strength of the rivets 

(2) The influence of the frictional resistance between the plates © 
upon the fatigue strength of rivets; because the frictional resistance ; 


v 


is affected by the condition of the surface of the plates as well as by — 


- the tension in the rivets, both of these factors should be studied ‘ j 
P (3) Factors that determine the tension in the rivets ’ 
* (4) The effect of the tightness of the fit of the rivets and bolts in 


the holes on the fatigue strength of the rivets and bolts 

(5) The relation between the grip of the rivets and their fatigue — 
strength 

(6) The effect of fills upon the fatigue strength of rivets 

(7) The relative fatigue strength of carbon-steel and manganese- 
steel rivets 

(8) The relative fatigue strength of rivets and bolts ; oi 

(9) The effect of milled ends of plates in contact upon the fatigue 
strength of rivets in joints subjected to reversed loads 

(10) The effect of the relation of the minimum to the maximum 
stress in a stress cycle on the fatigue strength of rivets. ~ 


22. Summary; Fatigue Tests of Specimens Designed to Fail in 
Plates.—The term, fatigue strength of the plates of riveted joints, as 
used in this paper, is defined as the maximum stress to which the plate 
can be subjected 2 000 000 times without failure. For tests for which 
failure occurred at other than 2 000 000 cycles, the fatigue strength 
was computed from the maximum stress in the stress cycle and the 
actual number of cycles for failure, by means of the empirical 

0.10 
5 ae in which F is the fatigue strength in lb. 
per sq. in. corresponding to failure at 2 000 000 cycles, S is the maxi- 
mum stress in the stress cycle in lb. per sq. in., and N is the number 
of cycles for failure. j 


The fatigue tests described in this bulletin appear to justify the fol- 


equation F 


og Ee 


Bein statements relative to the fatigue strength of. the plates of 
 Tiveted joints: 


(1) The limited number of tests that were made to determine the 
influence of the ratio of the minimum to the maximum stress in the 
stress cycle on the fatigue strength of the plates of a riveted joint 


indicate that the expression crLy 3 which has been de- 


veloped from tests of small machined specimens, is applicable to the 
plates of the riveted joints of Series B12 of this investigation. In this 
expression (FL) is the endurance limit for a complete reversal of 
stress, r is the ratio of the minimum to the maximum stress (r is nega- 
tive for a complete or partial reversal) and (FL)’ is the endurance 
limit for any particular value of r. 

unit bearing 
unit tension 
from 1.17 to 2.35 did not affect the fatigue strength of the plates in 
joints for which the friction between the plates was so great that the 
rivets did not slip enough to bring the rivets to bearing. 

(3) There was some evidence that decreasing the transverse dis- 
tance between the rivets of a riveted joint from 7 inches to 35% inches 
increased the fatigue strength of carbon-steel plates (see page 84). 

(4) The method of making the rivet holes—punching full size, sub- 
punching 14-in. and reaming, or drilling from the solid—did not affect 
the fatigue strength of either carbon-steel or silicon-steel plates in the 
specimens tested, the plate thickness and hole diameter being 1% in. 
and 114¢ in., respectively. 

(5) The fatigue strength of the plates in a riveted joint of balanced 
design subjected to a cycle in which the stress varies from 0 to a 


(2) Increasing the nominal ratio for a riveted joint 


“maximum tension, is approximately 26 000 lb. per sq. in. This value 


is practically the same whether the plates are of carbon steel with a 
static strength of 63 000 lb. per sq. in., of silicon steel with a static 
strength of 80 000 Ib. per sq. in., or of nickel steel with a static 
strength of 99 000 lb. per sq. in. 

(6) Fatigue tests of small machined-and-polished specimens have 
little value as an indication of the fatigue strength of riveted structural 
members, because, for the latter, rivet holes and the roughness of the 
rolled surfaces are stress raisers not found in the smaller more care- 
fully prepared specimens; and the size and shape of the structural 
specimens make for a greater lack of uniformity in stress distribution 


than is found in small machined specimens. 


*See “Materials of Engineering,’’ by Herbert F. Moore, page 55, Fifth Edition. 
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FATIGUE TESTS OF RIVETED JOINTS 


APPENDIX A 
RELATION BETWEEN NOMINAL AND ACTUAL STRESSES IN RIVETS 
AND PLATES OF A RIVETED JOINT 


_ Many processes used in industry have attained their present status 
by a process of evolution, and there was not a complete understanding 
of the laws of mechanics relating to the process while this evolution 
was taking place. As a result the nomenclature used infers certain 
definitions of terms that are not accurate. This is particularly true of 
the term “unit stress” in the rivets and plates of a riveted joint as it 
is universally used by structural engineers. The character of the 
results obtained in the tests reported in this bulletin makes it desirable 
to distinguish between the usual definition of the term “unit stress” 
and the accurate definition of the term, which is that unit stress in a 
material is the internal force per unit area at a point in the material. 

Specifications for the design of the rivets of a riveted joint state 
that the shear shall not exceed a certain value expressed in pounds 
per square inch. For example, the Specifications for Steel Railway 
Bridges adopted by the American Railway Engineering Association in 
1935 state that the shear in power-driven rivets shall not exceed 
13 500 lb. per sq. in. The universally-accepted interpretation of this 
requirement is based upon several implied assumptions, all of which 
are probably in error for all riveted joints at design loads. These 
assumptions are as follows: 

(1) All of the force to which the joint is subjected is resisted by 
the rivets in shear and bearing and none is resisted by the friction 
between the plates. 

(2) The total force is uniformly distributed among the rivets of 
a joint. 

(3) The total shear on a transverse section of a rivet is uniformly 
distributed over the section. 

(4) The diameter of a rivet equals the nominal diameter. 

Actually the situation is quite different. At the design load nearly 
all, in many instances all, of the resistance is due to the friction 
between the plates. If there are several rivets in a row in the direction 
of stress and if friction between the plates is not great enough to resist 
the total force on the joint, the outer rivets take much more than their 
proportionate share at design loads. At a load nearly equal to the 
ultimate, the resistance of the joint is due largely to the resistance of 
the rivets to shear, but, because of the considerable elongation of the 
plate after the yield point is passed, the outer rivets may actually fail 
before the inner rivets are loaded to their maximum capacity. Further, 
a shear failure is progressive across a section, and the unit shear varies 
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through a wide range on a single transverse section. Also, the diameter 
of the rivet holes is made, purposely, at least 4, in. greater than the — 
nominal diameter of the rivets and, with good riveting, the rivet is 
upset to fill the holes. Nevertheless, the intensity of the shearing F 
stress on the rivets of a riveted joint is considered to be the total force 
divided by the product of the number of rivets and the area of the 
transverse section or sections of the rivet, the latter being based on the 
nominal diameter of the rivets. Thus, for a riveted joint containing 
five one-inch rivets in double shear which is subjected to a load of 
94 000 Ib., the unit shear is taken as BSC 2 0.7854 Oe —_ rie 12 000 lb. per 
sq. in. This is the meaning of the term “shearing stress” on the rivets 
universally accepted by structural engineers, and is the meaning that 
is to be attributed to the term as used in this bulletin. The true 
maximum unit shear may, however, be much greater. 

The preceding discussion of shearing stress, modified somewhat, is 
applicable to bearing pressure and flexural stress in rivets. 

Specifications for the design of steel tension members state that 
the tensile stress shall not exceed 18 000 lb. per sq. in. (This value 
differs somewhat for various specifications). What is really meant is 
that the total tension divided by the net section shall not exceed 
18 000 lb. per sq. in. Actually, while the average stress on the net 
section may be only 18 000 lb. per sq. in., certain portions of the area 
may be subjected to a stress two or more times as great. This difini- 
tion of the term “unit tension” in plates, which is universally used 
by structural engineers, has been used in this bulletin. The statement 
that the fatigue strength of a structural plate is 26 000 lb. per sa. in.,~ 
means that the plate failed after 2 000 000 applications of a load that 
produced an average stress of 26 000 lb. per sq. in., but the reader 
should bear in mind that the first application of the load produced a 
stress much greater than 26 000 lb. per sq. in. at some points because 
of the presence of stress raisers. Failure occurs after a large number 
of repetitions of a relatively small average stress, not because the 
metal as such “gets tired” nor because it crystallizes or deteriorates 
in any other way, but because the high localized stress causes at 
least one of the multitude of microscopic flaws contained in all steel 
to grow until it greatly reduces the total static strength of a section 
through the flaw. The fatigue strength of structural plates with mill 
scale on the rolled surfaces and with punched or drilled holes is much 
less than the fatigue strength of a small machined and polished 
specimen because the former contains more and larger stress raisers 
than the latter. 
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APPENDIX B 


FaticuE STRENGTH OF PLaTes BREAKING AT OTHER THAN 
2 000 000 CycLeEs or StTrREss 


_ The fatigue strength of the plates of riveted joints has been defined 
in this bulletin as the maximum average stress to which the plate can 
be subjected 2 000 000 times without failure. Because it is impossible 
to anticipate the stress which will cause failure at 2 000 000 cycles, 
it seemed desirable to have some method by which the stress that 
would produce failure at 2 000 000 cycles could be approximated 
from the stress which caused failure at some number. of cycles other 
than 2 000 000. The method, of course, should be free from any 
personal factor. ; 

Tests of small machined-and-polished specimens indicate that 
the left-hand portion of the S—N curve (stress-number-of-cycles- 
for-failure curve) can be represented by the empirical equa- 


: Bh . ; 
tion* S = ay in which B and K are experimental constants, and S 


and N are the maximum stress in the stress cycle and the number of 
cycles for failure, respectively, for an actual test. The curve repre- 
senting this equation is a straight line when plotted on a logarithmic 
field, and the fatigue strength corresponding to 2 000 000 cycles for 
failure is represented by the intersection of this S—N line with the 
ordinate whose N value is 2 000 000. This assumes, of course, that 
the S-N line is a straight line for all values of N up to 2 000 000. 
Before this graphical construction can be made the two experimental 
constants B and K must be known. Of these, B determines the posi- 
tion of the S—N line and K determines its slope. 

As stated above, the point of intersection of the S—N line with the 
ordinate having a value of N of 2 000 000 represents the fatigue 
strength of the specimen corresponding to failure at 2 000 000 cycles. 
If this fatigue strength is represented by F, its value can be expressed 

K 
algebraically by the equation F = a Likewise, the fatigue 
strength based upon failure at any number of cycles, n, is given by the 
equation F —S _ be . This general equation is applicable only to 
the straight portion of the S—N diagram. 

The equation for F is empirical and cannot be depended upon to 
give true values, because the S-N diagram is not necessarily exactly 


*Univ. of Ill. Eng. Exp. Sta. Bul. 124, p. 92. 


101" 


“ ‘wed 


r ~s ar 


112 ILLINOIS ENGINEERING EXPERIMENT STATION 


straight, and the value of K must be determined experimentally, and 
probably has different values for various specimens. Only average 
values are available. One value of K, 0.10, has been used for all tests 
reported in this bulletin except for the small machined specimens of 
Section 19. This value was selected by a cut-and-try method and 
seemed to be the value that best fits the data available. 

The magnitude of the error in the value of F resulting from an 
error in the value of K depends upon the amount by which N varies 
from 2 000 000. It is universally accepted that if failure occurs at 
500 000 repetitions of a cycle for which the maximum stress is 
30 000 lb. per sq. in., the fatigue strength is less than 30 000. The 
equation F —30 000 a sah gives F —0.8707 X30 000 — 
2 000 000 
26 100 lb. per sq. in. That is, the computed fatigue strength is 87 per 
cent of the maximum stress in the stress cycle that caused failure in 
500 000 cycles. If failure had occurred at 1 000 000 repetitions of a 
cycle for which the maximum stress is 30 000 Ib. per sq. in. the com- 

: 1 000 000\°7° 
puted fatigue strength would have been F = 30 000 ee me 


= 0.9332 30 000 = 28 000 lb. per sq. in., or 93 per cent of the stress 


in the stress cycle. Likewise, if failure had occurred at 1 500 000 — 


cycles, the computed fatigue strength would have been 97 per cent of 
the maximum stress in the stress cycle; and if failure occurred at only 
100 000 cycles the computed fatigue strength would have been only 
68 per cent of the maximum stress in the stress cycle. Evidently the 
error resulting from the use of the empirical equation is likely to be 
greatest when the number of cycles for failure varies most from 
2 000 000. 

It is of interest to compare the computed values of the fatigue 
strength of identical specimens tested at different numbers of stress 
cycles. 

The first group of specimens of Table 21 were tested at stresses 
that produced failure at a small number of cycles. The number of 
cycles for failure and the computed fatigue strengths are as follows: 
66 000 and 21 400, 75 000 and 20 200, 171 000 and 19 600, 521 000 
and 17 500; and the average value of the computed fatigue strength 
is 19 700 lb. per sq. in. For the second group the corresponding data 
are: 165 000 and 31 300, 424 000 and 30 000, 1 028 000 and 28 100, 
594 000 and 24 900; and the average value of the computed fatigue 
strength is 28 600 lb. per sq. in. These are the most questionable 
groups of tests reported because the number of cycles for failure is so 
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small for the majority of tests. For the last group of tests presented 
in Table 21 the number of cycles for failure and the computed values 
of the fatigue strength are as follows: 1 244 000 and 38 200, 889 000 
and 41 600, 2 765 000 and 37 300. The average value of the fatigue 
strength is 39 000 lb. per sq. in., and the variation from the minimum 
to the maximum is a little less than 11 per cent. It is to be noted that, 
for this group, the computed value of the fatigue strength is least for 
those specimens breaking at the greatest number of cycles. It might 
be concluded from this that the value of K used was too small. This 
conclusion would be justified if all groups of tests showed the same 
tendency, but there are other groups in which the value of K appeared 
too large. In fact, the value of K was so chosen that the number of 
instances in which K appeared too large and the number in which it 
appeared too small were approximately equal. 

As previously stated, the empirical method for determining the 
fatigue strength based on failure at 2 000 000 cycles from tests for 
which failure occurred at other than 2 000 000 cycles is to be con- 
sidered as an approximate method. The alternative to its use is to 
consider only those tests for which failure occurred at approximately 
2 000 000 cycles. The objection to this is that the fatigue strength of 
riveted joints is so erratic that the results of a single test are of little 
value. There are a number of instances in which, of two identical 
specimens, the one that was subjected to the smaller stress broke at 
the smaller number of cycles. Thus, in Table 37, BS37-1 withstood 
only 1 126 000 cycles in which the stress varied from 0 to 36 000 lb. 
per sq. in., whereas BS37-2 withstood 1 312 000 cycles in which the 
stress varied from 0 to 38 000 lb. per sq. in. This can only be ac- 
counted for on the basis of an inconsistency between specimens that 
were supposed to be identical. It is believed that to have used only 
the specimen failing at a number of cycles most nearly equal to 
2 000 000 is not as satisfactory as to use the average of the values 
of the fatigue strength computed from the results of the tests of the 
three identical specimens. 

As indicated in the foregoing, the computed fatigue strength for a 
specimen breaking at 500 000 cycles is only 13 per cent less than the 
maximum stress in the stress cycle, and an error of 25 per cent in the 
correction of a 13-per-cent error is only slightly over 3 per cent of the 
true value. 

As stated before, the three tests of a group are not always con- 
sistent, and no method of interpreting the results can eliminate the 
inconsistencies. Moreover, these inconsistencies are to be expected, 
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